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1.1 Foreword of this thesis 
 The surface and interface of materials play an important role for the “conversion”. The 
heterogeneous catalytic reaction which makes “material-material conversion” is generated by the 
physical or chemical phenomena of solid surface. Fuel-cells, air-batteries and primary-batteries 
systems generate the electric power from many chemical source, through the “material-energy 
conversion” sustained by the electrochemical reaction of the electrode surface. One of the most useful 
energy storage system, secondary batteries, provide their properties by the electrochemistry of 
electrode surface based on the reversible “energy-material conversion”, too. Thus, the surface and 
interface study of them is necessary for the fundamental research of these systems and sustainable 
energy technology. 
 Lithium-ion batteries (LIBs) is a kind of the secondary batteries. The most negative redox 
potential with light weight of Li, provides the extremely high energy density of the battery cell. It has 
been widely used as the power sources of many portable electric devices. Recently, there high-power 
or large-scale application is developing, and adapting of it for the power source of (hybrid) electric 
vehicles is one of the goal of its application. However, these application require the more advanced 
performance in present LIBs, as high-rate charge-discharge, long cycle stability and safety under the 
various climatic condition and temperature. Since the mass (Li+) transfer which is deployed at the 
electrode / electrolyte interface regulates the electrochemical properties of LIBs, the basic surface 
study of electrode is highly needed in this improvement. 
 Fig. 1.1-1 shows the concept of the electrochemical reaction in LIBs. While other 
rechargeable batteries store the electric energy by generating the chemical products in the electrode 
surface, LIBs store the electric energy by the Li-insertion of the electrode materials which is a kind 
of lithium transition-metal oxides (Li-TMs). Therefore, the electrochemical reaction of LIBs is 
including at least two types of reaction as follows,  
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1. Surface reaction of electrode materials; the interaction between the surface of the electrode 
material and electrolyte molecules, adsorption of the Li+ or (de)solvation reaction at surface.  
2. Solid-state reaction of electrode materials; the topotactic Li-insertion reaction in Li-TMs 
crystal. It generate a Li-inserted phase, meaning the phase growth at the solid interface. 
 From these two-type of mechanism, the reaction of LIBs must be summarized as the solid 
surface and interface mechanism of Li-TMs. Thus we have to study the lithium-ion battery from the 
viewpoint of surface and interface science of Li-TMs. 
 
 
 
 
 
 
Fig. 1.1-1 Reaction systems of lithium-ion batteries. Electrode / electrolyte interface (the surface of 
electrode materials) is the reaction fields of electrolyte molecules and surface Li. The interface of Li-
insertion / extraction phases in the bulk region is a reaction front line of phase growth and solid state 
electrochemistry. 
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 Recently, there many Li-TMs have been prepared to the electrode materials of LIBs. 
Especially, the oxide materials of spinel (space group: Fd-3m) structure such as lithium manganite 
(LiMn2O4) and lithium titanate (Li4Ti5O12) are widely used for the practical electrode of LIBs. The 
surface phenomena of these crystal closely related to the deterioration or safety of battery cell, give 
meaning of the study of their surface structure. Further, these spinel materials have well-stable crystal 
structure under the Li-insertion and extraction reaction, and it explained as topotactic growth of Li-
inserted (extracted) phases by many diffractometry study. The growth mechanism of these phases is 
a key of the solid-state electrochemistry, and it could only be revealed by the structural study of these 
interface.  
Of course, the surface and interface are formed at the local part of bulk crystal, so they could 
not be studied by the traditional diffractometry but only by the microscopy. The scanning probe 
microscopy (SPM) is a promised microscopic tools of surface study. It acquires the real space image 
of solid surface, provided the detail analysis of surface reaction of electrode materials. However, SPM 
study desire the well-defined sample surface of substrate form which have never been prepared in 
electrode materials. Therefore, preparation of the Li4Ti5O12 and LiMn2O4 surface with well-defined 
structure is the most important, and it is a first step of the surface study of LIBs. As for the interface 
study, transmission electron microscopy (TEM) with analytical instruments is a powerful tool to 
investigate the Li-inserted / extracted phase interface, as it could simultaneously investigate the 
structure and chemical information of bulk crystal. However, applying the detail TEM analysis to the 
interface study of aggregated small particle is not so easy, and single crystalline thin specimen of 
spinel Li-TMs (Li4Ti5O12 and LiMn2O4) is needed for well-defined interface study by TEM. 
It's not an exaggeration to say that the basic of surface and interface study of lithium-ion 
batteries would equal the preparation of well-defined Li-TMs sample, and one of the most meaningful 
advance of this theses is provide the preparation methods of Li-TMs model samples suitable for this 
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kind of research. 
In this thesis, we provide a new direction of the basic surface and interface study of the Li-
TMs, electrode materials of lithium-ion battery. It consists of mainly two contents, sample preparation 
and its application. Preparing single crystalline Li-TMs with well-defined surface allows us to 
perform fine study with atomic level characterization, leading the new finding in science and 
technology of LIBs. The structure of this thesis is following,  
 A sample preparation technique of single-crystalline Li-TMs, Li4Ti5O12 and LiMn2O4, was 
described in Chapter 2. A wafer with atomically-flat surface suitable to SPM and TEM study were 
prepared by Li-VIG as a key method of this work. 
 In Chapter 3, as an application to surface science of Li-TMs, a study of Li4Ti5O12 wafer 
sample was performed. There a surface reaction by the electrochemical performance and detail 
characterization of surface structure in atomic levels were described. 
 Interface science of Li4Ti5O12 bulk crystal was performed by TEM investigation in Chapter 
4. There two-phase reaction were discussed in single-crystal via crystallographic mechanism, and 
specific electrochemical stability of Li4Ti5O12 reaction was explained. 
 The general conclusion was summarized in Chapter 5. There are described a signification 
and progression of this work to the field, and possibility of the advancement to the next works was 
also mentioned.  
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1.2 Basics of lithium-ion batteries 
 
1.2.1 A brief history of the lithium-ion batteries 
 As the lithium has the most negative redox potential with light weight, it is greatly attractive 
for battery use. A lithium battery, non-rechargeable primary cell, has been developed ahead of 
lithium-ion cell from 1950s, and Li / CFn, Li / MnO2 and Li / SOCl2 cells are in practical use at present. 
As for the secondary battery, rechargeable-cells were developed from 1970s. Rouxel et. al., reported 
electrochemical Li-insertion into the sulfide, contributing to the development of the secondary battery 
(Rouxel et al., 1971, 3930). Some metal-sulfide with layered structure such as TiS2 and TaS2 and so 
on were investigated by Whittihgham et. al. as a positive electrode material (Whittingham 1978, 41), 
and rechargeable performance of lithium battery were confirmed by Li / TiS2 cell in 1976 
(Whittingham 1976, 1126). A rechargeable cell of Li / MoS2 were commercialized at 1986, and 
adopted as the power source of some electric device. However, as burst or ignition accidents occurred 
frequently, it disappeared from the market, soon. 
 One of the most difficult matter of the developing of the lithium secondary battery was the 
formation of Li-dendrite. It grew on the Li metal surface at charge reaction, reaching to the positive 
electrode with breaking the separator. It leads to the short circuit, bringing the risk of secondary 
battery. Alternative negative electrode materials were desired for development. Since it has the 
reversible electrochemical Li-insertion / extraction performance with close redox potential to Li-
metal, graphite and some carbon based materials attracted attention as the alternative material.  
Constructing the cell with carbon based negative electrode needs the lithium compound 
which have Li of reversibly insertion / extraction ability at positive electrode. In 1980, Mizushima et. 
al. reported the reversible electrochemical Li-insertion / extraction property of LiCoO2 with high 
redox potential (4 V vs Li+/Li) (Mizushima et al., 1980, 783). This became a milestone of graphite / 
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LiCoO2 cell design which is in practical use at present. After a further study in graphite electrode and 
electrolyte and so on, in 1991, SONY co., ltd. developed a commercial product of lithium secondary 
battery, as lithium-ion battery (LIB). The name of “lithium-ion” meaning that all the Li is existing as 
ionic form, has special meaning in this battery. It was emphasizing the concept of “rocking chair 
batteries” as a new-type of secondary battery, there the Li-ion works only as a charge compensation 
carrier, and electrochemical reaction is mainly performed by the changing of Li composition in 
electrode materials via solid-state electrochemical reaction (Kozawa et al., 1966, 870), meaning non-
existence of Li metals in rechargeable cell. It was promising the safety use of LIB. 
 According to the rocking chair mechanism, the electrode materials for LIBs have 
requirements, it should have reversible Li insertion / extraction property with static structure, and 
participate in the redox reaction. Among a lot of lithium compounds, the lithium transition metal 
oxides (Li-TMs) were especially promising. When compositional Li of Li-TMs behaves as a 
reversible charge carrier, transition metals undertake the redox reaction, they are suitable for the 
electrode materials of LIBs. Therefore, at present, many Li-TM electrode materials other than LiCoO2 
developed, such as layered-compounds (LiNiO2, LiNi1/3Mn1/3Co1/3O2), spinel-compounds (LiMn2O4, 
Li4Ti5O12) and olivine-compounds (LiFePO4). These materials are also used in practical battery cells.  
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1.2.2 Structure of lithium-ion batteries 
Fig. 1.2-1 shows a general structure of LIB. It is constructed by mainly three elements,  
1. Positive electrode, 2. Negative electrode and 3. electrolyte.  
 
1. Positive electrode 
is constructed from the mixture of the electrode materials (90 %), conductive additive (6 %), and 
binder (4 %), and is painted to the current collector. Li-TMs with less electron conductivity is 
generally used as electrode materials, decreasing the conductivity of electrode. Therefore, some 
conductive carbons such as graphite, acetylene black (AB) and ketjen black (KB) are added for 
increasing the conductive property of electrode. Fluorocarbon polymers such as polytetra-
fluoroethylene (PTFE), polyvinylidene-difluoride (PVdF) and polyvinyl-fluoride (PVF) are usually 
used as binder to connect the each particle of electrode materials. Al-foil is usually used as current 
collector, because it should endure with high oxidation condition (~ 4V vs Li+/Li). 
 
2. Negative electrode 
is constructed from the carbon (such as graphite or hard carbon) based materials (90 %) and binder 
(10 %). To prevent the alloying of Li in low reduction condition, there Cu-foil is used as current 
collector instead of Al-foil. 
 
3. Electrolyte 
should have wide electric potential window not to react under as low redox potential as Li. Therefore, 
it usually used organic solution, Li-salt dissolved in carbonate solvents, with non-aqueous manner. 
Carbonate ester of high dielectric constant such as ethylene carbonate (EC, m.p. 36.4℃) or propylene 
carbonate (PC, m.p. -54.5℃ ) are used for solvents. Although the superior properties in wide 
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temperature region, PC solvent is not acceptable in graphite electrode for exfoliation reaction (Dey 
et al., 1970, 222; Inaba et al., 1997, 221). Since the high melting points, EC is used as a 1:1 mixture 
of other low melting ester such as dimethyl carbonate (DMC, m.p. 3℃) or diethyl carbonate (DEC, 
m.p. -43.0℃). Li-salts such as lithium hexafluorophosphate (LiPF6) or lithium perchlorate (LiClO4) 
are usually used as a solute of electrolyte. These Li-salts were unstable in water and easily is 
decomposed, generating acid species such as HF or HCl. Since these acid species erode the electrode 
materials and current collector, amount of water in battery cell should be below ppm levels. 
 
 
 
 
Fig. 1.2-1 A model structure of LIBs. The direction of running of Li is according with electron, 
however, the pathway of these two species must be completely separated. 
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As for the battery behavior, there all the lithium-ions reciprocate between electrodes. 
In the discharging process, it goes from negative electrode to the positive electrode via electrolyte, 
simultaneously electron goes to positive electrode via outside circuit with electric working. In a 
typical cell, graphite / LiCoO2, the reaction of each electrode is presented as follows,  
 
(Negative)  C6 + xLi
+ xe- ⇔ LixC6           En.e. = 0.1 ~ 0.3 V vs Li+/Li  
 
(Positive)   LiCoO2 ⇔ Li1-xCoO2 + xLi+ + xe   Ep.e. = 3.9 ~ 4.2 V vs Li+/Li 
 
Therefore, the battery reaction is presented as, 
 
C6 + LiCoO2 ⇔ Li1-xCoO2 + LixC6                    E = 3.7 ~ 3.9 V 
 
The output voltage and capacity of battery cells were mainly controlled by the 
electrochemical reaction of battery materials. As for the Li-TMs, the redox potential of transition 
metals directly regulate the cell voltage and quantity of Li in its structure determined the electric 
capacity. Therefore, various Li-TMs constructed by 3-d elements has been investigated as battery 
materials (Whittingham, 2004, 4271; Ohzuku et al., 1994, 201) as shown in Fig. 1.2-2. 
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Fig. 1.2-2 Representative Li-TMs for electrode of LIBs. 
 
 
 
As the structural and electrochemical stability of spinel oxide materials, Li4Ti5O12 / LiMn2O4 
cell have attracted much attention (Thackeray et al., 1995, 2558). Recently, it is one of the most 
promising cells for high-power and long-life lithium-ion batteries to automotive and stationary power 
applications (Belharouak et al., 2007, A1083; 2011, 10344; Takami et al., 2013, 469). Therefore, 
Li4Ti5O12 and LiMn2O4 are described in the following. 
 
 
 
 
 
 
 
Materials
Space
group
Potential
vs Li+/Li
Reference
LiCoO2 R-3m 3.75 Mizushima et al., 1980, 783
Li(Ni1/3Mn1/3
Co1/3)O2
R-3m 3.6 Ohzuku et al., 2001, 642
LiMn2O4 Fd-3m 4.0 Thackeray et al., 1983, 461
Li4Ti5O12 Fd-3m 1.5 Ohzuku et al., 1995, 1431
LiFePO4 Pnma 3.4 Padhi et al., 1997, 1188
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1.3 Basics of materials 
 
1.3.1 Spinel lithium titanate; Li4Ti5O12 
1.3.1.1 A brief history of Li4Ti5O12 
An important paper in 1971, Deschanvers et al., reported a spinel phase of lithium titanium 
oxides (Deschanvres et al., 1971, 699) which is described as Li1+xTi2-xO4 (0 < x < 1/3) in Li-Ti-O 
system. At first, LiTi2O4, one of the end members of these system (x = 0) was attracted as 
superconductive materials (Johnston et al., 1973, 777). From the early 1990s, Li4Ti5O12, another side 
of the end member (x = 1/3), was electrochemically characterized by Colbow et al. (Colbow et al., 
1989, 397) Ferg et al. (Ferg et al., 1994, L147) and Ohzuku et al., (Ohzuku et al., 1995, 1431) with 
1.55 V vs Li+/Li of extremely flat electrochemical potential, and was investigated for negative 
electrode materials of rechargeable lithium cells. For its relatively higher electrochemical potential 
than graphite electrode (0.1－0.3 V vs Li+/Li), practical application was developed as low-power use 
Li4Ti5O12 / MnOx cells in 1994.  
In early 2000s, lithium-ion cells with Li4Ti5O12 negative electrode attracted attention as a 
power source of automotive and large-scale energy station, accelerated research, and demonstrated 
its high-rate properties (Nakahara et al., 2003, 131; Kavan et al., 2003, A1000; Takami et al., 2011, 
A725), long life cycle stability (Majima et al., 2001, 53; Takami et al., 2013, 469) and safety (Takami 
et al., 2009, A128). Especially, morphological control of Li4Ti5O12 particle such as nano-sizing 
(Kavan et al., 2002, A39; Guerfi et al., 2003, 88) and other form with large surface area (Li et al., 
2005, 894; Tang et al., 2008, 1513) have been widely studied to improve output characteristic. As for 
the practical battery, in 2007, a high-power cell with Li4Ti5O12 electrode named as Super charge ion 
battery (SCiB) was developed by TOSHIBA (Kosugi et al., 2008, 54) and adopted in the electrical 
automobiles (Takami et al., 2008, 54). 
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1.3.1.2 Structure and electrochemical properties 
A composition of spinel oxides were generally presented at (X)8a(Y2)
16d(O4)
32e, where the 
superscript of 8a, 16d and 32e show Wyckoff position of spinel groups (space group: Fd-3m), so the 
lithium titanate system, Li-Ti-O, should be as (Li)8a(Ti2)
16d(O4)
32e. In LiTi2O4, there all the Ti cation 
of 16d site is not Ti4+ but 1:1 mixed valence of Ti3+ and Ti4+. Therefore, it could be synthesized under 
the reduced atmosphere (Johnston et al., 1976, 145), since Ti4+ is mostly stable in air. If we construct 
the spinel structure with only Ti4+ cation, there partial Ti-Li cationic alternation at 16d site should 
permit for charge compensation as (Li)8a(LixTi2-x)
16d(O4)
32e, and the value of x must be fixed by 
following equation, 1 + {1x + 4(2-x)} = 8 → x = 1/3. Thus, the oxidized end member of Li-Ti-O 
spinel group should be presented as (Li)8a(Li1/3Ti5/3)
16d(O4)
32e or (Li3)
8a(LiTi5)
16d(O12)
32e, which is also 
presented as Li4Ti5O12, and it is the most stable compound in spinel Li-Ti-O groups, so it could be 
easily synthesized in air with traditional solid-state reaction. 
In the Li-insertion process, there the Li in 8a site and external’s were packed into 16c site 
without changing of basic spinel frame-work structure of (Li1/3Ti5/3)
16d(O4)
32e, and generate the 
ordered rock-salt structure (Li2)
16c(Li1/3Ti5/3)
16d(O4)
32e (= Li7Ti5O12) as the Li-inserted phase. The rigid 
spinel framework (LiTi5)
16d(O12)
32e provides a three dimensional network of channels for facile 
lithium diffusion (Leonidov et al., 2003, 2079; Takami et al., 2011, A725; Chen et al., 2011, 6084) 
and exhibits an extremely small change in the unit cell volume from Li4Ti5O12 to Li7Ti5O12 (less than 
0.1%), which leads to the zero strain property (Ohzuku et al., 1995, 1431; Ariyoshi et al., 2005, 1125), 
as excellent stability for high rate charge-discharge performance. Therefore, the Li-insertion / 
extraction electrochemistry of Li4Ti5O12 is mentioned as “zero-strain reaction” as described in Fig 
1.3-1. 
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Fig. 1.3-1 Crystal structure of (a) Li4Ti5O12 and (b) Li7Ti5O12 as viewed from [110] direction shown 
based on ref (Ariyoshi et al., 2005, 1125). Atomic coordination were based on space group Fd-3m of 
original choice 1. Oxygen coordination x is slightly changed between two structure with x = 0.391 in 
Li4Ti5O12 and x = 0.382 in Li7Ti5O12, by oxygen swing mechanism. 16d site is occupied by 1/6 Li and 
5/6 Ti randomly. 
 
 
A simple two-phase solid state Li-insertion / extraction mechanism of electrochemical 
reaction with reducing of Ti valence (60% Ti4+ is reduced to Ti3+) was presented by Ohzuku et al., 
(Ohzuku et al., 1995, 1431) as follow, 
(Li)8a(Li1/3Ti5/3)
16d(O4)
32e + Li+ + e- ⇔ (Li2)16c(Li1/3Ti5/3)16d(O4)32e    E = 1.55 V vs Li+/Li  
5Ti4+ ⇔ 2Ti4+ + 3Ti3+ 
Site x y z Occ.
8a 0 0 0 1
16d 5/8 5/8 5/8
1/6
5/6
O 32e x x x 1
Site x y z Occ.
16c 1/8 1/8 1/8 1
16d 5/8 5/8 5/8
1/6
5/6
O 32e x x x 1
(a) : Li4Ti5O12 (a = 0.8357 nm) (b) : Li7Ti5O12 (a = 0.8356 nm)
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According to this equation, 1 mol of (Li)8a(Li1/3Ti5/3)
16d(O4)
32e (FW: 153.09) will store 1 mol 
of electron (e NA = 9.644×10
4 C = 26.789×103 mAh ), so theoretical charge capacity Qth (mAh g
-1) of 
Li4Ti5O12 is fixed as follow, 
Qth × 153.09 = 26.789×10
3 → Qth = 174.5 mAh g-1 
For relatively higher electrochemical potential with lower theoretical capacity (1.55 V vs Li+/Li with 
175 mAh g-1) than graphite (0.1－0.3 V vs Li+/Li with 372 mAh g-1), energy density of Li-ion cell 
with Li4Ti5O12 based electrode is decreasing than graphite-using cell. On the other hand, Li4Ti5O12 
electrode has many advantages,  
1. Long-life cycle stability;  
Zero-strain property leads to mechanical stability of electrode material and electrode itself. 
2. Large current density use;  
Relatively high electrochemical potential leads to no Li-metal deposition or dendrite formation at 
electrode surface under high-rate charge-discharge cycle. 
3. Chemical stability;  
Incombustibility and less chemical-reactivity at Li-inserted state under the elevated temperature 
enable us to use PC and Al in solvents and current collector, and helpful to design a low-cost, high 
performance and safety cell with high-power application. 
As these advantage, recently Li4Ti5O12 based electrode is a most promising for large-scale 
and high-power application to lithium-ion battery. 
 
 
1.3.1.3 Signification of surface study of Li4Ti5O12 
While promising further applications, however, Li4Ti5O12 electrode also has some problems. 
One of the most interesting and challenging matter is gas generation in packed cell as shown in Fig 
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1.3-2, which should arise from the downsizing of particles mediator for the improvement of output 
characteristic, which increasing the specific surface area and surface reactivity of each Li4Ti5O12 
crystals, bringing various side reaction caused from surface phenomena related to gas generation, 
decreasing the safety. It is a problem not to be able to avoid in recent application for Li4Ti5O12 
electrode, and it must be treated by the surface science study. 
 
 
 
 
Fig. 1.3-2 A swelling feature of pouch bags of fully Li-inserted Li4Ti5O12 electrode (a) and Graphite 
electrode (b) as stored at 55℃ for 2 weeks. Among the detectable gases, the dominant species was 
H2 constituting over 80 wt% in the mixture. These images and experimental data were cited by ref 
(Wu et al., 2012, 989). A swelling, mainly H2 generation, is more remarkable in Li4Ti5O12 electrode 
(1.55 V vs Li+/Li) than graphite (0.3 V vs Li+/Li) despite the relatively gentle reductive condition. It 
would suggest that the main reason of H2 generation is not the reaction of organic molecules but 
decomposed reaction of water molecules by redox interaction with electrode surface. These results 
indicate that Li4Ti5O12 would easily absorb water in air. 
(a) : Li4Ti5O12 (b) : Graphite
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1.3.1.4 Signification of the study of two-phase behavior within the Li4Ti5O12 crystal 
The two-phase behavior within the crystal control the electrochemical properties of electrode 
material itself. For instance, the metastable solid-solution phase was revealed in the LiFePO4 crystal 
(Orikasa et al., 2013, 5497), leading to the overshoot behavior of cell voltage profile (Malik et al., 
2011, 587; Meethong et al., 2007, 1115) as shown in Fig.1.3-3(a), and it give rise to the memory effect 
of lithium-ion battery (Sasaki et al., 2013, 569). On the other hand, these effect could not observe in 
the Li4Ti5O12, and it suggested the complete stability of two-phase coexistence state in the Li4Ti5O12 
crystal (Fig.1.3-3(b)) from electrochemical studies. (Takami et al., 2011 A725; Lu et al., 2007, A114; 
Ma et al., 2007, 849; Li et al., 2012, 9086). 
 
 
 
Fig. 1.3-3 Two-phase mechanism in the crystal suggested by electrochemical characterization. (a) 
Voltage profile of LiFePO4 in the Li-extraction process by constant current (CC) experiments. The 
overshoot from flat voltage state was confirmed in the initial state of reaction, suggested the existence 
of solid solution Li1-xFePO4 compound as the metastable phase. (b) Li-insertion voltage profile of 
Li4Ti5O12 particle. There no overshoot behavior was confirmed in CC measurements. It suggested 
completely separation behavior of two-phase in the crystal. 
(a) LiFePO4
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(b) Li4Ti5O12
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 This two-phase mechanism have also been suggested from other structural studies. Scharner 
et al., revealed phase transition of Li4Ti5O12 at the Li-insertion by ex-situ XRD study with high-angler 
measurements (Scharner et al., 1999, 857). Colin et al., revealed reversible two-phase transition in 
the charge-discharge reaction by in-situ neutron diffractometry (Colin et al., 2010, 804). Kataoka et 
al., discussed structure of electrochemically Li-inserted Li4Ti5O12 by XRD measurements coupled 
with maximum entropy method (MEM) and shows Li site alternation of spinel structure with 8a to 
16c (Kataoka et al., 2009, 631). 
In the crystallographic matter, the Li7Ti5O12 phase should be naturally formed by Li insertion, 
and two phases should exist separately in the single crystal domain with no lattice misfit. In the initial 
stage of Li-insertion, a low density of Li atoms should be inserted at 16c sites as the largest interstitial 
space in spinel structure. Then the relatively short distances between the inserted Li at 16c site and 
surrounding Li at 8a sites (~ 0.18 nm, which is almost half of the Li-Li or Li-Ti distance (0.3 nm) in 
Li4Ti5O12 and Li7Ti5O12 phases) provoked the large coulomb repulsion, it should induce the shift of 
the neighboring Li atoms from the 8a sites to the 16c sites with reducing nearby Ti4+ to Ti3+. This 
only corresponds to the local formation of the Li7Ti5O12 phase with a closed-packed rock-salt 
structure having proper interatomic distances. Note that both the Li4Ti5O12 and Li7Ti5O12 phases have 
a common Ti(Li)-O bonding framework as (LiTi5)
16d(O12)
32e and almost an equal lattice volume, in 
spite of much higher Li density in the latter phase. (as shown in Fig 1.3-4) 
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Fig. 1.3-4 Crystallographic mechanism of two-phase transition. Yellow and red spheres represent Li 
and O atoms, respectively. The units of numbers describing the Li-Li distance are [nm]. In the Li-
insertion process, external Li ion should be inserted to the unoccupied 16c site of Li4Ti5O12, leading 
the partial generation of Li4+xTi5O12 as solid solution region. At the solid solution phase, the least 
Li-Li distance is 0.18 nm, should cause the coulomb repulsive in neighbor Li ions. It drives the Li 
site alternation from 8a to 16c. In the Li7Ti5O12 phase, the least Li-Li distance is about 0.3 nm, 
should be more stable than solid solution phase. Therefore the solid solution phase should naturally 
transform to the Li7Ti5O12 phase. 
 
 
 
 While some studies supported two-phase mechanism of Li4Ti5O12 reaction, on the other hand, 
some reports were claiming another models in the Li-insertion process. In-situ energy dispersive X-
ray diffraction (EDXD) study revealed continuous alternation of lattice constant during charge-
discharge reaction (Panero et al., 2001, 845; Ronci et al., 2002, 3082). Here the Li4+xTi5O12 phase as 
the solid-solution compound might be generated by contrast to the two-phase generation. Wagemaker 
et al., claimed two-phase co-existence should be existed at kinetically, and it should be stable only 
0.18
Li4+xTi5O12 
Li(8a, 16c)
0.295
Li7Ti5O12
Li(16c)
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under the low temperature (below 80 K) with static state, and suggested that two phases relaxed to 
solid-solution phase at room temperature (Wagemaker et al., 2006, 3169). Interpretation of this solid- 
solution behavior were also interested. It was elucidated by nanomorophplogical two-phase 
distribution such as the nano-domain in the bulk or the surface region of the crystal (Borghols et al., 
2009, 17786; Wagemaker et al., 2009. 224), and it would provide additional capacity effect of the 
Li4Ti5O12 (Ganapathy et al., 2012, 8702; Wagemaker et al., 2013, 1206).  
As above discussion, two-phase behavior in the crystal is not yet clear so far, and several 
questions would present as follows, 
 
1. How does the two-phase exist in the single crystal domain with static state?  
(Does the two-phase exist separately or hybridize as solid-solution Li4+xTi5O12?) 
 
2. If the two-phase separation exist, how is the two-phase interface formed in the crystal? 
(Does the interface morphology depend on the crystal orientation?) 
 
3. Is the two-phase separation retained till nanoscale?  
(Does atomic scale two-phase separation exist?) 
 
To answer these questions is significantly important to understand the electrochemical 
feature of Li4Ti5O12 from the view point of crystallography, and it provides essential knowledge of 
solid-state electrochemistry which has never been discussed. However, it could only be achieved by 
the direct investigation of two-phase behavior within the crystal, and single crystalline study based 
on the real space imaging by microscopy is highly desired to address these questions. 
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1.3.2 Spinel lithium manganate; LiMn2O4 
 
1.3.2.1 A brief of LiMn2O4 
Although the LiCoO2 has been widely used as a positive electrode materials of lithium-ion 
battery its toxicity and expensiveness restricted a development of large-scale battery. Therefore 
substitutable materials have been highly desired, and spinel lithium manganate, LiMn2O4, attracted 
much attention as a potential candidate for LiCoO2 since its good electrochemical property with 
environmental friendliness and low cost. LiMn2O4 is one of the compounds in Li-Mn-O diagram as 
shown in Fig.1.3-5. While Li4Mn5O12, spinel phases with mismatched composition of Li or O, have 
electrochemical activity in 3 V vs Li+/Li region, LiMn2O4 has electrochemical Li-insertion / 
extraction activity in not only 3 V but also 4 V region. Additionally, it could be easily synthesized 
and relatively stable. Therefore, LiMn2O4 have attracted many research and development so far, and 
recently, it is partially used as positive electrode for a practical power source of electrical vehicles 
(Lu et al., 2013, 272) 
 
 
 
Fig. 1.3-5 (a) An isothermal slice of the ternary Li-Mn-O diagram at 25°C and (b) an expanded view 
of the painted region of the diagram in (a). They were referred from ref (Gummow et al., 1994, 59). 
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1.3.2.2 Structure and electrochemical properties 
LiMn2O4 has a cubic spinel structure (Fd-3m) as (Li)
8a(Mn2)
16d(O4)
32e, where 16d site is 
occupied by 1:1 mixture of Mn3+ and Mn4+. Therefore, LiMn2O4 perform both oxidative (Li-
extraction) and reductive (Li-insertion) reaction reversibly as follows (Ohzuku et al., 1990, 769),  
 
Red : Li(Mn3+Mn4+)O4 + Li
+ + e- ⇔ Li2(Mn3+)2O4  E = 2.9 V (vs Li+/Li)  Qth = 148.2 mAhg-1 
Ox : Li(Mn3+Mn4+)O4 ⇔ + Li+ + e- + λ-(Mn4+)2O4  E = 3.9 ~ 4.1 V      Qth = 148.2 mAhg-1 
 
The reductive reaction proceed via two-phase mechanism. There, LiMn2O4 of cubic spinel phase (Fd-
3m, a = 0.824 nm) transform into Li2Mn2O4 of tetragonal phase (I41/amd, a = 0.564 nm, c = 0.925 
nm) (Thackeray et al., 1983, 461; Ohzuku et al., 1990, 769) with increasing 6 % lattice volume, by 
Jahn-Teller distortion of increased M3+, and it decreasing cycle stability in 3 V charge-discharge 
region (Gao et al., 1996, 33; Koksbang et al., 1996, 1; Thackeray, 1997, 1). There specific capacity 
should be extracted till 296.4 mAh g-1 with all the redox region. However, since the cycle instability 
of 3 V region, usually, only the 4 V region is used as 148.2 mAh g-1 of theoretical capacity.  
A structural alternation of LiMn2O4 with 4 V charge-discharge region is well studied by XRD, 
and there two stage of Li-extraction were revealed as follow,  
 
(1)  LiMn2O4 ⇔ Li1-xMn2O4 + xLi+ + xe-   (0 < x < 0.5)   E = 3.95 V 
(2)  Li1-xMn2O4 ⇔ λ-Mn2O4 + xLi+ + xe-    (0.5 < x < 1)    E = 4.10 V 
 
The reaction stage (1) proceeds by single cubic structure as Li1-xMn2O4 like a solid-solution reaction, 
while the stage (2) proceeds by two cubic structure of Li1-xMn2O4 and λ-Mn2O4 like a two-phase 
reaction as summarized in Fig. 1.3-6. 
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Fig. 1.3-6 Structures of LixMnO2 in 4 V charge-discharge region referred from (Ohzuku et al., 1990, 
769). Atomic coordination were based on the Fd-3m of original choice 1 in international table. The 
reaction form would alter into two-phase mechanism from solid-solution mechanism in x = 0.5. 
 
 
1.3.2.3 History and recent challenges 
 From early 1980s, Thackeray et al reported electrochemical Li-insertion and extraction 
behavior of LiMn2O4 (Thackeray et al., 1983, 461; 1984, 179; 1997, 1). In 1990, Ohzuku et al shows 
reversible Li-extraction properties with high electrochemical potential of 4 V region (Ohzuku et al., 
1990, 769), attracted attention as positive electrode materials of high voltage cell. Afterwards, there 
many studies of LiMn2O4 deal with its electrochemical characteristics in lithium cells (Gummow et 
al., 1994, 59; 1994, 222; Thackeray et al., 1998, 7; Amatucci et al., 1997, 11) as well as its structural 
and physical properties by X-ray diffraction (Akimoto et al., 2000, 3246) neutron diffraction (Kanno 
et al., 1999, 542), nuclear magnetic resonance (Lee et al., 2000, 803; Grey et al., 2004, 4493), XAFS 
(Li)8a(Mn2)
16d(O4)
32e (Li0.5)
8a(Mn2)
16d(O4)
32e λ-(Mn2)
16d(O4)
32e
Group Fd-3m Fd-3m Fd-3m
Const. a = 0.824 nm a = 0.814 nm a = 0.803 nm
Li occ. 1 0.5 0
Oxgen 
para.
0.390 0.392 0.395
Struct. 
models
0.5 Li+ 0.5 Li+
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(Liu et al., 1997, 326), magnetism (Shimakawa et al., 1997, 138; Wills et al., 1999, 1510) and Raman 
spectroscopy (Huang et al., 1999, 616) and theoretical calculation (Berg et al., 1999, 2813). 
While many studies have been contributed to a better understanding of the bulk reaction 
mechanism, a critical matter of LiMn2O4 was revealed as dissolution into electrolyte. The dissolution 
mechanism is presented as a disproportional reaction of 2Mn3+ → Mn4+ + Mn2+ by contact with 
electrolyte (Thackeray et al., 1998, 7), it causes deterioration of the cycle performance of the cell in 
elevated temperature, which is a serious problem to using it as an electrode of a power source for 
(hybrid) electrical vehicles (Inoue et al., 1998, 3704; Wu et al., 2005, A1041; Araki et. al., 2003, 124). 
As the dissolution and deterioration mechanism were closely related to the phenomena of LiMn2O4 
surface and its electrolyte interface, many surface studies such as X-ray reflectometry (XRR) 
(Hirayama et al., 2007, A1065; 2010, 15268), Raman scattering (Matsuo et al., 2001, A687), X-ray 
photoelectron spectroscopy (Quinlan et al., 2001, 4207), scanning probe microscopy (SPM) (Vidu et 
al., 2002, 6546; Doi et al., 2008, 539; Inaba et al., 1999, 554) and some surface modification (Xia et 
al., 2000, 135; Amatucci et al., 1997, 13; Cho et al., 1999, 607) have been reported as to address this 
matter. 
As above, treating the surface and interface phenomena of LiMn2O4 is significant in recent 
study, so well-defined surface which could have never been prepared in present study is needed to 
further investigation. Therefore, obtaining a single crystalline LiMn2O4 sample of high quality and 
well-defined atomically flat surfaces is one of the meaningful challenges in recently. 
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1.4 Basics of methods 
 
1.4.1 Electrochemical experiments 
1.4.1.1 A cell assembly  
 Fig. 1.4-1 shows an architecture of test-type cell (HS-cell) produced by Hohsen Corp.  
Assembling and the dismantling were easy due to its structure. 
 
 
 
Fig. 1.4-1 An architecture of test-type cell (Hohsen, corp.). (a) Parts necessary for assembling of Li 
half-cell. (b) Side view of assembled Li half-cell. Li metal and sample (positive electrode material) 
separated by polypropylene (PP) separator were soaked into electrolyte (1M LiPF6 solution by EC / 
DMC = 1 solvent) at the space surrounded by PTFE ring. 
 
 
Fig. 1.4-2 shows an example of the cell assembly procedure. Here, Li4Ti5O12(111) wafer prepared by 
Li-VIG methods described in section (§3.2) was used as a positive electrode. All the procedure should 
be under the dry-air (-80℃ dew-point). 
(a)
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Fig. 1.4-2 An assembly procedure of half-cell constructed by Li / Li4Ti5O12(111) wafer. Following 
processes were performed in the dry-air filled box. 
(a) Spread a Li metal foil at the bottom of the SUS container. 
(b) Added the electrolyte and cover a Li foil by PP separator film without air bubble intrusion. Fix 
with PTFE ring and put the sample (Li4Ti5O12 wafer) on PP film. 
(c) For sample fixing, mount a SUS block in PTFE ring. 
(d) Sealed with cap and screw. 
(e) Connect the electrochemical measurements device as shown in a circuit diagram. 
 
 
 
A
V
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-
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1.4.1.2 Galvanostatic measurement 
 Galvanostatic (constant current) measurement is one of the most elemental method in 
electrochemical experiments, and can evaluate the basic properties of battery cell as the capacity, 
energy and charge-discharge rate. 
 
1. Capacity of the battery cell 
Electrical quantity Q is found by integration of current I as follows, 
𝑄 =  ∫ 𝐼(𝑡)𝑑𝑡 
In the galvanostatic measurement, current I (mA) is constant while measurement time t (h), so the 
formula is presented as, 
𝑄 =  𝐼 ∙ 𝑡 (mAh) 
When evaluating the property of electrode materials, it divide by the weight of materials as specific 
capacity (mAh g-1) or (Ah kg-1). 
 
2. Energy of the battery cell 
 Generally, the cell discharge voltage is varied in extracted electrical quantity, so the cell 
energy should be calculated by the integral as follows, 
𝐸 =  ∫ 𝑉(𝑄)𝑑𝑄 
In the actual manner, it is calculating by the area of charge-discharge profile that described the relation 
of cell voltage (vertical axis) and electrical quantity (abscissa axis), as shown in Fig 1.4-3. 
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Fig 1.4-3. Typical voltage profile of Li | (1M LiPF6 by EC/DMC =1) | LiMn2O4 cell. An experimental 
current fixed with 1 μA during charge-discharge experiment at 3.5 - 4.5 V region. Cell energy was 
calculated by the area of discharge profile as 57 μWh. 
 
3. Rate property of the battery cell 
 Rate property of the battery cells are generally restricted by characteristic of electrode 
material. Therefore, the rate performance is presented by the property of electrode or electrode 
material. There, C rate which defined as the current density of reaching the theoretical capacity at 1 
hour is usually used for evaluating the charge-discharge rate. As for the Li4Ti5O12, which has 175 
mAh g-1 with theoretical capacity, 1C is presented as 175 mA g-1. When the Li4Ti5O12 behave as 
theoretical manner, 60C (= 10500 mA g-1) of current density enable full charge (discharge) 
performance within 1 minute. Similarly, it takes 1 day for full charge (discharge) at 7.3 mA g-1 (= C / 
24). Fig. 1.4-4(a) shows discharge voltage profiles of Li / Li4Ti5O12 cell at various current density. 
Larger current density decreases cell voltage, and it is explained as the ohmic potential drop, caused 
by internal resistance of the cell 
V = E － I r 
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Where, V means output voltage of the cell measured directly. E is an equilibrium potential of the 
redox reaction of electrode materials as open circuit voltage (OCV). Internal resistance, all the 
resistance included in cell system, are represented as r. According to this equation, output voltage is 
decreasing in proportion to current density, and this feature is clearly observed by I-V plot in Fig. 1.4-
4(b), there internal resistance r and OCV potential E can estimate by gradient and intercept of linear 
function as 0.9 Ω g and 1.56 V vs Li+ / Li. Of course, internal resistance r may fluctuate during charge-
discharge cycle and it should make the fluctuation of voltage profile. When the r abruptly reduced, 
output voltage would be risen and it makes local minimum in voltage profile as described in section 
(§3.1) 
 
 
 
Fig. 1.4-4 Relation of the voltage profile and current density. (a) Output voltage decreasing with 
larger current density means ohmic potential drop. (b) I-V plots of the point shown as ○ in various 
voltage profiles in (a). OCV voltage was estimated by intercept as 1.56 V, which almost same as 1.55 
V in present study. 
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1.4.1.3 AC-impedance spectroscopy 
 Resistance of the battery cells were constructed from many components. Some typical 
resistances, solution resistance of electrolyte, interface resistance of electrode materials / electrolyte 
and bulk resistance affected the batteries performance. Usually, these resistances overlapped and were 
measured as inner cell resistance by CC measurement. AC-impedance spectroscopy is one of the 
basic electrochemical methods which can investigate the elements of these resistance.  
 The basic elements of resistances in electrolyte / electrode material interface are presented 
as Fig. 1.4-5, where Cd, Rct, and RΩ are capacitance of electric double-layer, charge-transfer resistance 
and solution resistance.  
 
 
 
 
 
Fig. 1.4-5 Electrochemical elements of electrolyte / electrode interface. Electric double-layer 
capacitance and charge-transfer resistance are regarded as parallel connection. The electrolyte 
resistance RΩ is connected as series component into parallel circuit model.  
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Generally, simple electrode / electrolyte interface are represented with virtual circuit as shown in Fig. 
1.4-5, and synthetic impedance Z is presented as follows,  
 
𝑍 = [(𝑅𝑐𝑡)
−1 + (
1
𝑗𝜔𝐶𝑑
)
−1
]
−1
+ 𝑅Ω 
 
If the resistance of electrolyte, RΩ, is negligible, synthetic impedance, Z, of above circuit is 
represented as follows, 
 
𝑍 =
𝑅𝑐𝑡
1 + 𝑗𝜔𝐶𝑑𝑅𝑐𝑡
=
𝑅𝑐𝑡
1 + 𝑗𝑡
=
𝑅𝑐𝑡
1 + 𝑡2
− 𝑗
𝑡𝑅𝑐𝑡
1 + 𝑡2
        for  𝑗𝜔𝐶𝑑𝑅𝑐𝑡 = 𝑡 
 
Where, the real part and imaginary part are as follows,   
 
𝑍Re =
𝑅𝑐𝑡
1 + 𝑡2
,   𝑍Im = −
𝑡𝑅𝑐𝑡
1 + 𝑡2
 
 
Obtain the following expressions by removing parameter t from square sum of these components, 
 
𝑍Re
2 + 𝑍Im
2 =
𝑅𝑐𝑡
2(1 + 𝑡2)
(1 + 𝑡2)2
= 𝑅𝑐𝑡
𝑅𝑐𝑡
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From the equation, ZRe and ZIm are plotted as simple semi-circle in ZRe-(ZIm) plane, where, the radius 
of semi-circle suggests the charge-transfer resistance of electrode / electrolyte interface. When the 
angular frequency decreased as ω → 0 (t → 0), ZRe and ZIm converge into Rct and 0 respectively, and 
they converge into 0 when ω increased. 
If the resistance of electrolyte RΩ is not negligible, it is added into the real part of synthetic 
impedance, directly, and expressed as the parallel shift equal to RΩ on real-axis of semi-circle. These 
features are explained in typical Cole-Cole plots as shown in Fig. 1.4-6. 
 
 
 
 
Fig. 1.4-6 Typical Cole-Cole plot of the measurement impedance of electrode / electrolyte interface. 
The radius of semi-circle expressed the charge-transfer resistance of interface. Solution resistance, 
RΩ, is usually smaller than the Rct, so it will be negligible in the practical plots. The imaginary axis of 
plots is usually expressed with reversal due to –ZIm > 0. 
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The basic measurement system of AC-impedance is shown as Fig. 1.4-7, where the 
potentiostat is connected into oscillator, then ± 5 ~ 10 mV amplitude of AC-voltage (EAC) and constant 
command voltage EDC were applied into the electrochemical cell. The input voltage (EAC + EDC) and 
output current single (IAC) are compared at lock-in amplifier and analyzed the cell impedance as 
changing its angular frequency ω, then recording the impedance and phase shift synchronized with 
each angular frequency and plotted these data into complex plane. The oscillation frequency range of 
electrochemical system is usually used as ω = 1 mHz ~ 100 kHz. Since the electron synchronization 
rate is considerably larger than ionic oscillation in liquid electrolyte, charge-transfer resistance and 
solution resistance of electrochemical cells depended on the ionic conductivity in this frequency range. 
 
 
 
 
 
Fig. 1.4-7 A basic measurement system of AC-impedance spectroscopy. Oscillator generate the 
simple sine wave of command voltage EAC in mHz ~ kHz range. 
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1.4.2 Electron energy-loss spectroscopy (EELS) 
1.4.2.1 Summary of EELS 
 The electron accelerated by high energy penetrate a thin specimen as interacting with 
electrons that constitute material. While the most of the incident electrons interact as keeping their 
kinetic energy, the few electrons lose it in interaction, explained as inelastic scattering. The kinetic 
energy of inelastic scattered electrons does not so change after transmitted the materials, so loss 
energy of the electrons represent a history of interaction. There are many kinds of interaction as shown 
in Fig. 1.4-8(a), and the loss energy changes accordingly. Therefore, we are able to acquire many 
information such as band transition of semiconductor, composition of elements in compounds, and 
electronic state of materials, by analyzing the energy-loss of inelastic electrons. Generally, this energy 
analysis is named electron energy-loss spectroscopy (EELS). 
 The EEL spectrum is classified by the kinds of interaction as different energy region. The 
most of electrons scattered by elastic manner make the peak at 0 eV energy position with the largest 
intensity, which is named zero-loss peak (ZLP). The electron which cause interband transition or 
plasmon excitation lost their energy within ~ 100 eV, makes relatively high-intensity peaks in low 
loss region. When the incident electrons interact with core electron of inner shell, there two type of 
excitation were presented. As the incident electron excited the core electron from ground state to 
nearest empty state, it makes a fine peak around the ionization edgs, which is energy-loss near edge 
structure (ELNES). A weak oscillation observed at higher energy region of ELNES is called as 
extended energy-loss fine structure (EXELFS). The concrete characteristic of these spectra is shown 
in Fig. 1.4-8(b) 
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Fig. 1.4-8 (a) Interactions of incident electron in material. (b) EELS of rutile-TiO2 thin specimen 
acquired by TEM (JEOL-3000F) accelerated at 100 keV with 0.2 eV / channel energy dispersion.  
Ti-M ELNES overlaps with plasmon-loss peak at low-loss region. 
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1.4.2.2 Feature of ELNES 
As shown in Fig. 1.4-8, the shape of ELNES spectrum is more complicated than X-ray 
photoelectron spectrum which is the other spectrometry of analyzing the electronic state. As the 
electrons are excited into vacuum level, XPS provide a relatively simple feature of its spectrum. As 
for the EELS, the electrons of core-level are excited into unoccupied level, so the electronic structure 
of each elements, especially chemical bonding or hybridizing of empty levels, can probe from the 
feature of ELNES. 
 
 
1.4.2.2.1 Nomenclature 
 The energy-loss spectra which is caused by the core-level excitation are called ‘edge’, and 
named as K, L, M, with ground state of excited electron as shown in Fig. 1.4-9. 
 
 
 
 
Fig. 1.4-9 An example of the edges in ELNES. All the edges are named with the ground state of the 
excited electrons.  
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1.4.2.2.2 Principle 
 
 The principle of ELNES is well-summarized in text book of EELS, prepared by Egerton, R. 
F. (Egerton, R. F., 2011) as follow,  
 
According to the Fermi golden rule of quantum mechanics, the transition rate is then 
proportional to a product of the density of final states N(E) and an atomic transition matrix 
M(E):                          
 Jk
l (E) ∝ dσ dE⁄ ∝ |M(E)|
2N(E) 
M(E) represents the overall shape of the edge, and is determined by atomic physics, 
whereas N(E) depends on the chemical and crystallographic environment of the excited 
atom. To a first approximation, M(E) can be assumed to be a slowly varying function of 
energy-loss E, so that variations in  Jk
l (E) represent the energy dependence of the densities 
of states (DOS) above the Fermi level. However, the following qualifications apply. 
 (1) Transitions occur only to a final state that is empty; like X-ray absorption 
spectroscopy, EELS yields information on the density of unoccupied states above the Fermi 
level. 
(2) Because the core-level states are highly localized, N(E) is a local density of 
states (LDOS) at the site of the excited atom. As a result, there can be appreciable 
differences in fine structure between edges representing different elements in the same 
compound. Even in the case of a single element, the fine structure may be different at sites 
of different symmetry. 
(3) The strength of the matrix element term is governed by the dipole selection rule: 
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∆l = ±1 , with ∆l = 1  transitions predominating. As a result, the observed DOS is a 
symmetry-projected density of states. Thus, modulations in K-edge intensity (1s initial state) 
reflect mainly the density of 2p final states. Similarly, modulations in the L2 and L3 intensities 
(2p initial states) are dominated by 3d final states, except where p → d transitions are 
hindered by a centrifugal barrier (for example, p → s transitions are observed close to silicon 
L2, 3 threshold). As a result of this selection rule, a dissimilar structure can be expected in 
the K- and L-edges of the same element in the same specimen.  
 
 
1.4.2.2.3 Information from Li-K edge 
  Li-K edge derived from the inner-shell excitation of 1s → 2p with the dipole selection. One 
of the most useful information acquired from Li-K edge is quantification of Li in materials such as 
Li-TMs, electrode materials of LIBs. It could provide the direct evidence of Li-insertion / extraction 
and reveals the reaction mechanism of electrode in LIBs. 
The onset energy of Li-K edge is about 60 eV in low loss region. Therefore it frequently 
overlaps with energy tails of the plasmon loss edge or M edge of 3d transition metals (Fig. 1.4-10) 
and it could not use a typical background correction models with a power-law form as follows,  
J(E) = AE－r 
where A and r are parameters that can be determined by examining J(E) at energy-losses just below 
the onset energy of edges. Generally, intensity of plasmon loss spectra and onset position of M edge 
are altered from sample thickness and constituted elements and overlapped complicatedly. Therefore 
in this energy region, there power-law is no suitable correction models to Li-K edge, and the linear 
correction, the most simple models, is used in this experiments.  
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Fig. 1.4-10 Low loss spectrum of β-Li2TiO3 thin specimen acquired at 100 keV. Energy tails of 
plasmon and Ti-M edge overlapped with Li-K ELNES. Li-K ELNES with expanded energy region 
(50 ~ 70 eV) is shown in inset. Here, typical power-law (AE－r) background correction is not suitable 
due to the existence of Ti-M edge than linear models. A volume density of Li should be proportional 
to the intensity of Li-K ELNES evaluated by the area of spectra (I Li). Absolute density should depend 
on the incident beam intensity, collection beam angle, thickness of sample, and other experimental 
condition, so calculating it is difficult frequently. If we acquired spectra of various specimen with 
same experimental condition, the Li density ratio of these specimen should correspond into the 
intensity ratio of them. 
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1.4.2.2.4 Information from O-K edge 
 O-K edge is mainly interpreted as the inner-shell excitation of 1s → 2p. In the oxide materials, 
oxygen atom usually exists as O2- anion. Therefore at the isolated anion, 2p orbital is filled with 
closed-shell structure, (1s)2(2s)2(2p)6. However, in actual materials, the filled O-2p orbital should 
hybridize into unoccupied s or d orbital of transition metal or other cationic atoms to form the 
chemical bond, which provides an inherent feature to O-K ELNES (Fig. 1.4-11). 
 
 
 
Fig. 1.4-11 Schematic diagram representing the electronic transitions involved in O-K ELNES. 
Occupied states are presented at light red color. O-2p state is completely filled in isolated O2-, 
prevented the core-level excitation. If the oxygen formed a chemical bond with other cationic atoms, 
filled 2p orbital is modulated by hybridizing and generated partial empty state within. O-K ELNES 
should be interpreted as the transition from filled 1s state to this partial unoccupied 2p state (shown 
as light blue), providing the information of chemical bonding, such as structure or electronic state of 
coordinate bond around oxygen atom. The typical O-K ELNES of Li4Ti5O12 (525-555 eV) was also 
presented. As presented in ref (Lippens, et al., 2004, 161), there two peaks of low energy region are 
assigned as 2p－3d (Ti) hybridization, which reflected eg － t2g energy splitting, and peaks of high 
energy region are assigned as the interaction of oxygen and cationic species (Ti and Li). 
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1.4.2.2.5 Information from Ti-L edge 
 The Ti-L ELNES arise from 2p → 3d excitation, as there 2p orbital has two energy state due 
to the different total angular momentum ( j = 3/2 and 1/2), they generate L3 and L2 edge. As shown in 
Fig. 1.4-12, the Ti-3d orbital has complex nature due to the ligand field splitting, it provides the fine 
structure to its ELNES. In many titanium oxides, Ti cation has Ti-O bond with octahedral 
coordination structure which leads to energy splitting (eg－t2g), and it provides doublet structure in 
each L2 and L3 edges. 
 
 
 
Fig. 1.4-12 Structure of Ti-L3, 2 ELNES. The intensity of L1 edge is weak due to the prohibition of 2s 
→ 3d transition. Ti-L2, 3 ELNES mainly provide the information of the state of valence 3d orbital. 
The relatively sharp feature of edge shape is suggesting the tightly bound nature of d orbital. The fine 
structure of L2, L3 ELNES due to the ligand field splitting (eg － t2g) of 3d orbital shows the mainly 
four peaks in Ti4+ cation. In the Ti3+ cation, 1 electron in the t2g state modulate the nature of 3d state, 
leading the specific difference of ELNES feature from Ti4+ as decreasing the intensity of t2g edge 
(Stoyanov et al., 2007, 577), which providing the information of the redox reaction of Ti cation.  
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1.4.2.3 EELS with scanning TEM 
1.4.2.3.1 Equipment 
 Scanning transmission electron microscopy (STEM) is one of the methods of the nanoscale 
imaging, which scan the thin specimen by the converged electron beam to ~ 0.1 nm diameter. The 
imaging mechanism is almost same as the scanning electron microscopy (SEM), acquiring the 2-D 
image by synchronizing the information of transmission electron with scanning beam position.  
One of the most useful of STEM is microscopic spectroscopy which will be enabled by 
coupling the analytical instruments, that suitable for the microscale analysis. The STEM technology 
provided the great advance to EELS analysis than X-ray absorption spectroscopy (XAS) which is an 
alternative methods for analyzing the electronic state of materials (Fig. 1.4-13). Since it reveals the 
chemical and physical state of elements within the nano-scale, STEM-EELS would be an attractive 
method for material science. 
 
 
 
Fig. 1.4-13 Comparison of STEM-EELS and XAS. *Wien-filtered electron beam was used. 
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Fig. 1.4-14 shows an overview of STEM-EELS analysis. When the converged electron beam 
goes through the specimen, scattered electrons were collected by the annular detector to produce the 
dark-field (ADF)-STEM image. As for the direct beam, it is led to the magnetic prism after passed 
through the inner of detector to produce the energy dispersion. In this way, we are able to obtain the 
point spectrum on arbitrary position of acquired ADF-STEM image. 
 
 
 
 
Fig. 1.4-14 Schematic diagram of parallel collection of the energy-loss spectrum with post-column 
analyzer. The energy-loss electrons in direct beam passed into the 90°magnetic sector prism generate 
the energy dispersion. The acquiring energy-loss range is selected by the applied voltage of drift tube. 
Imaging and spectroscopy modes are able to switch each other by the lenses and deflector. At the 
spectroscopy mode, bright-line were recorded by the CCD camera, generating the EEL spectra. 
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1.4.2.3.2 Spectrum imaging (SI) 
 Spectrum imaging (SI) is probably the most useful method of STEM-EELS analysis, which 
perform by the collecting the EEL spectra with each points of all the imaging region. A brief concept 
of SI is shown in Fig. 1.4-15, there all the spectra were recorded with synchronizing to the 2D position 
coordinate as F(ε, rn), they constructing the data cube. As collected spectra can analyze with various 
procedure, we extracting the useful information as 2D mapping image such as elemental distribution 
or phase distribution and so on.  
 
 
 
Fig. 1.4-15 (a) A concept of SI. All the EEL spectra were recorded in each pixel grids. (b) An example 
of actual measurement. 50 % Li-inserted Li4Ti5O12 powder (LT-106) was used as a sample. There 
DigitalMicrograph (DM) (GATAN, Inc,) is usually used as a software for system control and data 
analysis. First of all, the region which perform SI is defined with the ADF image as Regions of Interest 
(ROI). Then the recording conditions, exposure time and spatial steps in each data pixel, were fixed. 
In this experiment, spectra were collected at 117×65 pixel grids with 14 nm steps. We can extract the 
recorded spectra from each data grids by using DM software. 
F
 (ε, r
1 )
F
 (ε, r
2 )
F
 (ε, r
3 )
F
 (ε, r
4 )
(b)(a)
ADF
SI
58 
 
1.4.2.3.3 Reconstruction procedure of SI 
 Each pixel of 2D SI image is accompanied with spectrum, therefore, we can reconstruct the 
SI image as informative 2D mapping, by the spectrum deconvolution at each data pixel. There many 
deconvolution procedures are in the SI data reconstruction, here we mainly use two procedures, as 
follows,  
 
 
1. Extraction the core-loss signal intensity 
 This is the most elemental procedure, however, it is frequently used in reconstructing the 
elements density mapping image because the core-loss intensity is indicating the quantity of elements. 
A practical procedure for acquiring the Li-K density mapping with DM software is as follows,  
 
Assign the signal region as spectrum ROI tool. 
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Signal intensity is defined as the integral of edge which deducted the background. Here, linear back 
ground model was adapted between 60 – 75 eV and signal region is assigned as 60 – 65 eV. Then 
choose the signal integral from EELS tab of pull-down menu, and select the spectrum image in 
check box.  
 
 
The reconstructed image of Li-K signal is presented with raw intensity data. It can normalize at 
arbitrary value with simple math tool of the process tab. 
 
 
 
1. Multiple linear least square (MLLS) deconvolution. 
 This is another typical procedure for spectrum analysis (Maigné et al., 2009, 99). MLLS 
requires at least two kind of representative spectra as basis function of deconvolution. When the two 
kinds of spectrum, represented as f A(ε) and f B(ε), with clearly different feature are in the SI image, 
other spectrum can approximate by the method of least squares as follow, 
 
f (ε, rn) ≒ CA(rn) f A(ε) + CB(rn) f B(ε)   for   CA(rn) + CB(rn) = 1 
 
where, rn means one of the coordination of data grids and f (ε, rn) is the extracted spectrum from rn 
position. 
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If the feature of spectrum f (ε, rn) resembles f A(ε) rather than f B(ε), the fitting coefficient CA should 
be larger than CB, at the grid position of rn. Therefore, the value of coefficient CA (CB) at the data grid 
rn represent the feature of objective spectra f (ε, rn). Generally, two kinds of spectrum are derived 
from two kinds of phases, so the value of CA(rn) and CB(rn) could be interpreted as the existence 
quantity of phase A and B. Thus, the MLLS fitting is useful to reconstruct the image as the phase 
distribution mapping. 
A practical procedure for acquiring the Li4Ti5O12 and Li7Ti5O12 two-phase distribution 
mapping from the sample mentioned in Fig. 1.4-15 with DM software is as follows, 
 
 
Extract the two kinds of different spectra (Ti-L3,2 edge) from SI image. Sp. 1 shows broad two peaks 
of Ti3+ that means reduction of Ti4+, presenting the existence of Li7Ti5O12 phase. Then choose the 
Perform Fitting as above.  
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The basis function of MLLS deconvolution is defined as the extracted spectra 1and 2. 
  
 
The arbitrary energy range of the spectrum is permitted in this fitting process. There, Ti-L2 edge (463-
470) was adopted, due to the different feature of these spectrum in this energy region. 
 
 
After the deconvolution, there two reconstructed images, map of the value of coefficient 1 and 2 each 
other, are represented as a result of deconvolution. These images have reversible contrast each other, 
meaning the summation of these coefficient is constant value. Therefore the scale bar of these 
composite image is shown by the ratio of the value of coefficient 1 and 2, indicating the ratio of phase 
quantity. Of course, coefficient 1 and 2 should be interpreted as the quantity of Li7Ti5O12 and 
Li4Ti5O12 phases. 
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The reconstruction images of the sample mentioned in Fig. 1.4-15 were presented as Li-K 
intensity and Ti-L2 MLLS mapping in Fig. 1.4-16. Relatively higher Li intensity (= Li quantity) region 
and Li7Ti5O12 region are well corresponding in these two images, and they form well-separated 
domain in LT-106 secondary particle. This result would contribute to discuss the reaction mechanism 
in actual Li4Ti5O12 based electrode, that closely discussed in section (§4.2). 
 
 
 
Fig. 1.4-16 Reconstruction images acquired from above procedure. The highest intensity grids of Li-
K mapping were normalized as Li7Ti5O12. The color bar shows the linear scale, presenting the 
composition of LixTi5O12. Two-phase distribution of Li7Ti5O12 and Li4Ti5O12 were revealed by Ti-L2 
MLLS deconvolution procedure. The reaction region is almost separated, or slightly distributed with 
primarily particle level.  
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1.4.3 Scanning tunneling microscopy  
 Scanning tunneling microscopy (STM) is one of the scanning probe microscopy, which was 
developed by Gerd Binnig and Heinrich Rohrer in 1982 (Binning et al., 1982, 57) to study the 
structure of solid metal (conductive material) surface. 
 The basic system of STM is shown in Fig. 1.4-17. The sample is conductive bulk wafer of 
well-flat surface and it was scanned by metal probe (W or Pt/Ir tip). Usually, metal probe is fixed and 
position of sample was controlled by X-Y and Z piezoelectric scanner. When the metal-tip is 
approached into sample surface till ~ nm under applying the voltage between sample and metal probe, 
electrons go through between tip and solid-surface by tunneling effect. Here, the tunneling current, It, 
is expressed as follow,  
 
𝐼𝑡 ∝ ∫ 𝑛𝑠(𝒓0, 𝐸) 𝑛𝑡
𝑒𝑉𝑠
0
(𝐸 − 𝑒𝑉𝑠) 𝑇(𝐸, 𝑒𝑉𝑠)𝑑𝐸 
 
              𝑇(𝐸, 𝑒𝑉𝑠) = exp (−
√8𝑚
ℏ
𝑑√
𝜙𝑡+𝜙𝑠
2
+
𝑒𝑉
2
− 𝐸) 
 
Where, ns and nt are local density of state (LDOS), φt and φs are work function of tip and sample, 
respectively. According to above, transmittance of tunneling effect is considerably changed by tip-
sample distance d, and tunneling current, It, would be changed as one-digit value with 0.1 nm of 
distance fluctuation. Thus, tunneling current is extremely sensitive of tip-sample distance, therefore 
we can detect the surface roughness with atomic-scale resolution. If we use the X-Y piezoelectric 
scanner with 10 pm of accuracy, it provides the topographic image of solid-surface in atomic-scale 
resolution by scanning under the constant tunneling current.  
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Fig. 1.4-17 A simple model of STM measurement system. (a) Geometrical setup of metal tip and 
sample. The sample should be conductive material so as to obtain the tunneling current, sensitively. 
Sample bias VS should fix to suitable condition in each experiments, usually, VS is fixed at +1 ~ +3 V 
with 10-1~100 nA of tunneling current. Horizontal movement of sample was performed by X-Y 
piezoelectric scanner, synchronizing with the monitoring of the tunneling current. Tip-sample 
distance d is maintained as constant by feedback control system which is connecting the Z 
piezoelectric scanner with tunneling current signal. (b) Nano-scale image of atomic-scale resolution 
mechanism by STM. Tunneling current appeared between top atom at the tip of metal probe and 
sample surface. Atomic-scale image could be obtained even by the normal tip, due to the single-atom 
attached in its tip. Note that the bright spot of atomic scale STM image should not be interpreted as 
the real-atom but be interpreted as fluctuation of the tunneling probability which is modulated by the 
orbital of surface atom. 
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Generally, feature of atomic scale STM image is considerably changed by experimental bias 
condition. Especially, STM image of the surface of semiconductor materials such as metal-oxides 
were typically altered by the sample bias (Diebold, 2003, 53). This is because the tunneling current It 
is controlled not only by the distance of tip-sample surface but also by the integration of local-DOS 
from 0 to sample bias level. Fig. 1.4-18 shows the relation of sample bias and tunneling effect. When 
the sample is fixed with negative bias, as shown in Fig. 1.4-18(a), Fermi level of sample is adjusted 
into the higher levels than that of metal probe, and the tunneling electrons move from the filled state 
of sample surface to empty state of tip. When the sample bias is positive, Fermi level of sample is 
lower than that of metal probe, and electrons move from the filled state of tip to empty state of sample 
surface, as shown in Fig. 1.4-18(b). Of course, the empty state DOS depends on the species of surface 
atom or hybridization of orbitals of some atoms. Therefore, bias dependency of STM image provide 
useful information about the electronic structure of surface atoms. 
 
 
Fig. 1.4-18 Tunneling direction of various sample bias of (a) VS < 0 for sample → tip, and (b) VS > 0 
for tip → sample. The empty DOS of sample surface is important with VS > 0 condition. 
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Chapter 2. 
 
Preparation of model electrode materials for 
surface and interface study 
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2.1 Li vapor induction growth method 
 
2.1.1 Introduction 
 Since the surface and interface of materials are extremely limited and minor, they could be 
investigated by microscopy. However, the actual electrode materials of lithium-ion battery are mostly 
powder form as shown in Fig. 2.1-1(a), there many particle boundaries, random oriented crystalline 
surfaces and large roughness’s bring the complex condition and prevent microscopy study which 
perform fine surface and interface analysis. To address these circumstance, well-defined sample 
suitable for this specific study have been highly desired. The sample needs some conditions as follow 
at least,  
1. The sample should be wafer or film form which we can treat as substrate,  
2. The sample should have well-defined crystalline surface where we can apply the 
morphological or atomistic study,  
3. The sample should have electrochemical activity as a battery electrode material.  
 
As it stands, there are no report preparing the sample that fulfill all the condition mentioned 
above. Therefore, in this section, we tried to prepare the suitable electrode sample (as shown in Fig. 
2.1-1(b)) for fine research as the first step of surface and interface science of lithium-ion battery 
electrode materials. 
Here, we propose a new simple method that prepare the model electrode materials of lithium 
transition metal oxide suitable for the surface and interface study. We named this method as Lithium-
vapor induction growth (Li-VIG), which is based on the conventional calcination process used for 
the synthesis of many electrode materials such as LiCoO2 (Kikkawa et al., 1986, 35), LiMn2O4 
(Thackeray et al., 1984, 179), LiFePO4 (Padhi et al., 1997, 1188), LiMnPO4 (Okada et al., 2001, 430), 
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and Li4Ti5O12 (Colbow et al., 1989, 397). 
 
 
 
Fig. 2.1-1 (a) The micrograph of commercial Li4Ti5O12 powder (LT-106) acquired by FE-SEM (S-
5500, HITACHI) operated at 30 kV. A secondly particle consists of single-crystalline Li4Ti5O12 
primary particles with sizes of about 50 ~ 100 nm. (b) Concept of this work as the sample preparation. 
 
 
 The summary of this method is described in Fig. 2.1-2. In this method, we need metal-oxides 
single-crystal and volatile Li-source (such as LiOH.H2O) as raw materials. They are heated together 
in air in the ceramic crucible. In the heating process, the LiOH.H2O volatilized and generated Li-
vapor (which is gas of Li-compounds such as Li2O), and it reacted with the surface of metal-oxide 
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single-crystal, which induced the single-crystal growth of the lithium transition metal oxides. The 
utilities of this method are,  
1; Simplicity; A large-scale device is not necessary for a sample preparation. It only needs 
small electric heater, ceramic crucible, and raw materials.  
2; High crystallinity; The crystal growth was driven thermally, gave the well-defined sample 
surface with single-crystalline form.  
3; Flexibility of the sample form; We can prepare the sample with arbitrary form. The form 
of oxide single-crystal as a raw material mainly dominate the finished sample form as shown in Fig. 
2.1-2.  
In this section, we tried to prepare the single-crystalline thin specimen for transmission 
electron microscopy (TEM) by Li-VIG method. Generally, single-crystalline thin specimen for the 
TEM analysis are prepared by the conventional mechanical thinning or ion-milling of single crystal 
wafer. However, single crystal wafer of lithium-ion battery electrode materials almost do not exist. 
Furthermore, thinning process encompass the amorphization (generating damaged layer by ion-
milling) or contamination, and this brings critical matter for the detail analysis of surface and interface 
of crystal. Here, to drive away these problems, we proposed the simple preparation technique to the 
TEM specimen of electrode materials. We show that the Li4Ti5O12 specimen with atomically flat thin 
edges can be successfully prepared by Li-VIG methods. The detail procedure and crystallization 
mechanism were also discussed. 
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Fig. 2.1-2 Schematic diagram of the Li-VIG. The volatile solid lithium compounds (e. g. LiOH, 
Li2CO3, Li2O) would be useful as a source of Li-Vapor. During the heating process, the Li-vapor (Li-
compounds gas) filled in the crucible and react with the metal-oxide, inducing the growth of lithium 
transition-metal oxides crystal. 
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2.1.2 Experimental 
The summary of preparation procedure is described in Fig. 2.1-3. The procedure is based on 
the traditional wafer thinning process combined with the simple heating method that we previously 
presented (Fig. 2.1-2). The 2×2×0.1 mm3 sized rutile TiO2 wafer (SHINKOSHA) is thinned by 
precision Ar+ ion polishing system (PIPS, GATAN) to prepare the thin TiO2 wafer, then it is heated in 
the air with 0.5 mg of LiOH.H2O or without LiOH.H2O. Here, the former process and the latter 
process are defined as Li(+) procedure or Li(-) procedure, respectively. The detail procedure of 
calcination is also presented in Fig. 2.1-4. 
 The crystallinity of a prepared specimen is evaluated by bright-field TEM (JEM-3000F, 
JEOL) at 197 kV equipped with Imaging Filter (GIF, GATAN). Electron energy-loss spectroscopy 
(EELS) analysis is performed by analytical TEM (TITAN3TM G2 60-300, FEI) operating at 200 kV 
with a Wien-filter monochrometor, equipped with an improved high tension tank and a high resolution 
GIF (Quantum, GATAN) to collect the chemical information by a prepared specimen. 
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Fig. 2.1-3 (a) Preparation procedure of thin wafer. This scheme was conventional and general for 
TEM studies (http://www.gatan.com/files/PDF/products/AppNote_PIPS_II_FePt_Ready_Set_-
Go_FL1.pdf). (b) Li-VIG procedure for the specimen preparation of TEM. In the heating process, 
LiOH.H2O is used as a Li-vapor source. The heating with (without) LiOH.H2O is defined as Li(+) 
(Li(-)). 
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Fig. 2.1-4 A detail procedure of specimen preparation. A fresh alumina crucible was used for this 
experiment. Thin TiO2 wafer and 0.3 ~ 0.4 mg of LiOH.H2O were placed on the cap and covered with 
the crucible body. A granule of LiOH.H2O could not be seen at after calcination, meaning it volatilized 
during the heating process. The thin-region of wafer was slightly changing via the calcination, it 
seemed reacted with volatilized Li source. 
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2.1.3 Results and discussion 
Fig. 2.1-5 shows the bright-field TEM micrograph of an thin rutile-TiO2(001) wafer. The 
rutile wafer has amorphous-like contrasts in its edges. This means the edge region is almost covered 
with a fabrication damage layer (Barna et al., 1999, 267). However, the FFT pattern of the inner bulk 
region indicates the rutile [001] diffraction character. This shows that the thin TiO2 specimen contains 
the solid crystal in the inner bulk region and the amorphous damaged layer in the surface region.  
The morphology of a thin edge of the heated specimen is greatly changed from the as-
prepared one. Fig. 2.1-6 shows the bright-field TEM micrographs of the specimens prepared from 
TiO2(001), (110) and (111) via Li(+) or Li(-) procedure. All the specimens heated via Li(-) procedure 
have thin edges with typical shapes, and reveal the rutile [001], [110] and [111] diffraction characters 
in their FFT patterns. This feature suggests that damaged amorphous layer was re-crystalized to rutile-
TiO2 along with its bulk orientation. Samples heated with Li(+) procedure also have thin edges with 
typical shapes. However, these crystal structures are completely changed. The FFT patterns of these 
specimens show the spinel structure, corresponding to Li4Ti5O12. Typical octahedral crystal models 
of Li4Ti5O12, viewed from various directions, are showed under the TEM images of Li(+) preparations. 
When viewed from the <111> and <001> directions, (hkl) and (110) surfaces (they cannot be stable 
in the spinel crystal) are observed as the thin edges. Therefore, the thin edges of (111) and (001) 
specimens should not be atomically flat. Conversely, in the (110) specimen, the (111) surface, which 
is the most stable in the spinel Li4Ti5O12 crystal, should be observed at the thin edges. An atomically 
flat (111) edge with no damage can be seen, suggesting that Li4Ti5O12 crystal growth occurs naturally 
and that stable crystal edges form spontaneously. Note that an atomically flat (111) surface has been 
observed in Li4Ti5O12 (111) crystal-film surface formed on a TiO2(111) substrate as described in 
section (§2.2).  
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Fig. 2.1-5 (a) Low-magnification BF-TEM image of TiO2(001) thin specimen. The thickness bend-
contours means a specimen was enough thinness. (b) High-magnification image that expanded from 
square region in (a). FFT images are corresponding into the region of 1 (inner the bulk) and 2 (near 
the edge). The halo pattern in the FFT pattern of 2 shows that the edge region of thin specimen was 
almost amorphous. 
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Fig. 2.1-6 BF-TEM micrographs of the specimens that prepared from rutile (001), (110) and (111) 
via Li(-) (upper) and Li(+) (below) procedures. As-prepared rutile thin specimen with damaged layer 
should be re-crystallized simply by the heating treatment with Li(-) procedure. While the Li(+) 
procedure, the Li-vapor source should react with TiO2 during the re-crystallization process, leading 
the Li4Ti5O12 crystal growth. Diagrams of typical octahedral crystal forms of spinel Li4Ti5O12 
corresponding to each viewing direction are also shown under the Li(+) images. In addition, typical 
crystal facets observed at specimen edges are also shown in TEM images of the Li(+) specimen. 
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The relationships between the wafer orientation and the crystal growth are summarized as 
TiO2(001) → Li4Ti5O12(110), TiO2(110) → Li4Ti5O12(001) and TiO2(111) → Li4Ti5O12(111), 
respectively. Difference between rutile (tetragonal) and spinel (cubic) structures (as shown in Fig. 
2.1-7(a)) should affect the peculiar crystal growth. For the affinity of their (111) in-plane atomic 
periodicity (Fig. 2.1-7(b)), the preferential (111)-oriented growth of Li4Ti5O12 crystal should be 
induced on the TiO2(111) plane, leading to the peculiar growth relation as shown in Fig. 2.1-7(c). 
 
 
  
 
 
Fig. 2.1-7 (a) Crystal structures of rutile-TiO2 and spinel-Li4Ti5O12. (b) (111) in-plane Ti-atom 
periodicity in TiO2 and Li4Ti5O12. (c) The relation of the crystal orientation between the spinel 
Li4Ti5O12 (blue) and a rutile TiO2 (red). Both crystals are aligned along the <1-10> axis as the normal 
to the figure. Spinel Li4Ti5O12 crystal grows to the <111> direction for the rutile (111) surface plane. 
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We suggest the crystal growth models in this method as Fig. 2.1-8. The driving force of re-
crystallization of damaged layers should be derived from the thermal treating in the atmosphere. Here, 
if there is no lithium source in the atmosphere, the damaged thin edge is simply recrystallized to rutile 
TiO2, as shown in the left side of Fig. 2.1-8. On the other hand, if the Li-compounds gas (which 
should be provided from the vaporization of LiOH under heating) exists in the atmosphere, 
recrystallization should proceed while absorbing the Li vapor. It leads to the Li4Ti5O12 crystal growth 
in thin edges, as shown in the right side of Fig. 2.1-8. In fact, the crystal growth of Li4Ti5O12 was 
induced by Li-vapor, therefore we name this process Li-Vapor Induction Growth (Li-VIG). 
 
 
 
 
 
Fig 2.1-8 Summary of crystal growth models in this study. The damaged layer of thin TiO2 wafer is 
driven away by thermal treatment. The Li vapor source in the atmosphere should induce the Li4Ti5O12 
growth via heating process. 
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 The crystallinity of prepared Li4Ti5O12 specimens greatly depend on the heating procedure. 
Fig. 2.1-9 shows two scheme of the specimen preparation. The first is one-step, which is applying the 
Li(+) procedure to thin rutile specimen (containing damage layer in its edge as shown in Fig. 2.1-
9(a)), it formed single-crystalline specimen as shown in Fig. 2.1-9(c). The second is two-step, which 
contains the Li(-) procedure (a pre-heating process) to acquire the well-crystalized rutile specimen as 
shown in Fig. 2.1-6, it formed polycrystalline specimen as shown in Fig. 2.1-9(d).  
 
 
 
 
Fig. 2.1-9 Two-scheme of specimen preparation. One-step of Li(+) procedure as shown by blue box 
provide the single-crystalline Li4Ti5O12(110) specimen (c) from as-prepared thin rutile-TiO2(001) 
specimen (a). Two-step procedure as shown by green box, via the well-crystalized rutile-TiO2(001) 
specimen (b), formed polycrystalline specimen (d).  
Li(+)
Li(+)
Li(-)
(a)
(b) (d)
(c)
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We applied EELS analysis to this polycrystalline specimen and the results are shown in Fig. 
2.1-10. The Li-K and O-K edge features are apparently different in extracted points, which are 
assigned as Sp.1 for β-Li2TiO3 and Sp.2 for Li4Ti5O12, respectively in accordance with our previous 
report as described in section (§4.1). STEM-EELS spectrum images acquired from this specimen are 
shown in Fig. 2.1-10(a) and (b), revealing that this polycrystalline specimen is composed of both the 
Li4Ti5O12 and β-Li2TiO3 phase domains, separately.  
Because β-Li2TiO3 is a Li-rich phase of the Li-Ti-O system (Izquierdo et al., 1980, 1655; 
Kleykamp et al., 2002, 361), it should be generated from high Li density regions at the thin edges. 
This means less lateral Li diffusion into a well-crystallized TiO2(001) wafer during heating. This is 
caused by anisotropic Li diffusion into the rutile crystal, as shown in Fig. 2.1-11. Li diffusion into a 
rutile TiO2 crystal is highly anisotropic. Li easily diffuses in the c-axis direction (Johnson 1964, A284; 
Koudriachova et al., 2002, 235423) because [001] channels pathway existed (Gligor et al., 2006, 
2741). In contrast, slow diffusion normal to the [001] axis should induce local regions of high Li 
concentrations in a thin rutile (001) specimen and lead to the heterogeneous generation of Li-rich 
phases at its thin edges. Indeed, this tendency for polycrystalline growth is most remarkable in 
TiO2(001) specimens and not so remarkable in TiO2(111) and TiO2(110) specimens. Because isotropic 
Li diffusion should be easier in amorphous than well-crystalline rutile specimens, single crystalline 
Li4Ti5O12 growth should proceed at the amorphous-coated thin TiO2 specimen.  
 
 
 
 
 
 
82 
 
 
 
Fig. 2.1-10 (a) Li-K intensity map reconstructed from the spectrum image of Li-K edge region. The 
intensity is defined by the area of Li-K peak at around 58-70 eV with liner background correction. (b) 
Li4Ti5O12 and β-Li2TiO3 phase mapping image. The phase component was calculated from the MLLS 
analysis of O-K edge spectra around 538-548 eV energy region. Both Li-K and Ti-L spectrum images 
were acquired at 0.01 and 0.05 s of exposure times by 50 nm pixel steps with 50×50 pixel resolution. 
(c) EEL spectra extracted from the each region of 1 and 2 in (a). The peak intensity of Li-K spectra 
and shape of the O-K edge spectra were clearly different in each spectrum. It shows the two-phase 
domains are clearly different chemical composition and structure. 
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Fig. 2.1-11 Re-crystallization process of a preheated TiO2 specimen (upper) and as-prepared thin TiO2 
specimen (lower). 
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2.1.4 Conclusions 
 In this section, we proposed a new sample preparation method of lithium-ion battery 
electrode materials for surface and interface study, which suitable to microscopy investigation. The 
preparation method was named Li-vapor induction growth (Li-VIG), which is a technique that 
transform a part of metal oxides wafer surface into the single crystalline Li-transition metal oxides. 
We applied this method, and succeeded in preparing thin specimen of Li4Ti5O12 single crystal suitable 
for TEM study.  
 
1. Thin rutile TiO2 wafer prepared with conventional wafer thinning process was useful to 
specimen preparation. A fabrication damage layer of thin TiO2 wafer was recrystallized during 
thermal treatment.  
2. Li-vapor in heating atmosphere induces Li4Ti5O12 crystal growth (Li-VIG) from the 
amorphous layers on thin rutile edges.  
3. The growth orientation of Li4Ti5O12 depends on the orientation of the rutile specimen as 
TiO2(001)→Li4Ti5O12(110), TiO2(110) → Li4Ti5O12(001), and TiO2(111) → Li4Ti5O12(111).  
4. Atomically flat (111) edge is generated on Li4Ti5O12(110) specimen according to the 
stability of spinel crystal surfaces.  
5. The crystallinity of specimen also depended on heating procedure. Well-crystallized rutile 
TiO2(001) specimen leads to polycrystalline β-Li2TiO3 and Li4Ti5O12 growth, and amorphous layers 
on thin rutile TiO2 edges needed for single crystal growth of Li4Ti5O12. 
  
The Li4Ti5O12(110) and (001) specimens prepared here were significantly useful to single 
crystalline study to investigate two-phase interface structure discussed in section (§4.3). 
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2.2 Preparation of a spinel Li4Ti5O12(111) surface from a rutile TiO2 
single crystal 
 
2.2.1 Introduction 
The performance of batteries is dominated by not only the bulk properties of electrode 
materials but also the electrode / electrolyte interfaces. Therefore structure and properties of its 
surface are essentially important and they should be well investigated. There several studies have 
been performed on the Li4Ti5O12 surface by using TEM (Shu et al., 2008, A238), X-ray photoelectron 
spectroscopy (XPS) (Ouatani et al., 2009, A468; Dedryvere et al., 2010, 10999) and IR (Snyder et al., 
2007, 9336). Especially, SPM observation allows us to obtain the real-space direct-image of the 
electrode-surface structure at nano or atomic scales, and it should provide deep insights into the 
electrochemical surface reaction, which cannot be obtained by usual spectroscopic investigations.  
To perform the SPM observation, the surface of a sample should be as flat as possible to 
obtain images with high resolution. The actual material is not suitable, since its powder form. There 
were reported studies of epitaxial film growth (Hirayama et al., 2011, 2882), however, it is difficult 
to prepare the film surfaces with atomistic flatness (roughness were usually more than ~ 10-1 nm with 
Ra value) by epitaxial methods or by any other thin-film preparation methods (Wang et al., 2005, 
A653; Deng et al., 2009, 816). From these circumstance, the preparation of atomically flat surfaces 
suitable for SPM observation is one of the meaningful challenges for surface science of battery 
materials.  
In previous section, we proposed Li-VIG method to prepare single crystalline model sample 
of electrode materials, and single-crystalline Li4Ti5O12 thin specimen suitable to TEM study was 
prepared with applying this method. In this section, we prepared atomically flat Li4Ti5O12 surface 
suitable to scanning probe microscopy (SPM) study with applying Li-VIG to bulk TiO2 wafer. 
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2.2.2 Experimental 
A detail process of preparation procedure is presented in Figs. 2.2-1. A rutile TiO2 wafer of 
2×2×0.5 mm3 with one side polished (SHINKOSHA) was cleaned in acetone by a ultrasonic cleaner, 
and heated in air at 1073 K for 12 h to removed possible organic contaminations. Then the wafer was 
heated at 1173 K for 12-15 h in air using an alumina crucible with 1 mg of LiOH.H2O powder (Wako 
Pure Chemical Industries) to produce Li4Ti5O12 crystal film on TiO2 wafer surface.  
 X-ray diffraction (XRD) pattern of the prepared film was obtained on Mo-Kα X-ray 
diffractomater (X'Pert PRO, PANalytical). The orientation of the film was characterized by out-of-
plane techniques. Atomic force microscopy (AFM) (NanoNavi-Ⅱ, SII) was used to observe the 
roughness of prepared film surface with dynamic force mode.  
Electrochemical experiments were carried out with a test-type cell (HS-cell, Hosen). A 
prepared Li4Ti5O12 film on a TiO2 wafer was used as the positive electrode itself without conductive 
additive. The cell were assembled and sealed in a dry air-filled box with Li-foil as the negative 
electrode and 1M LiPF6 dissolved in EC / DMC (1:1 by volume) as the electrolyte. Cyclic 
voltammetry (CV) measurement was performed at a scan rate at 0.1 mV / sec for 5 cycles. A 
galvanostatic charge-discharge experiment was performed in the voltage range between 1-2 V vs 
Li+/Li with about 20 mA g-1 of current density. 
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Fig. 2.2-1 A preparation procedure of Li4Ti5O12(111) sample. An alumina crucible (15 mL) was used 
for preparation. To prevent the side reaction of Li and alumina crucible under high temperature, pre-
heating as a deactivation treatment is needed before main calcination at only the first time. Typical 
deactivation treatment is simple heating of alumina crucible at 1273K for 48 hours with 10 mg of 
LiOH.H2O (without TiO2 wafer). The main calcination procedure was shown in (a). TiO2 wafer with 
polished surface side up is placed on the bottom of crucible. Two grains of granules LiOH.H2O (total 
amount of about 0.8 mg) placed on the side of TiO2 wafer would generate adequate amount of the Li-
vapor. (b) Photograph of the crucible before and after the heating. LiOH.H2O granules disappeared 
after heating, meaning they became the Li-vapor during the heating process. (c) Top and side view of 
surface product film generated on the TiO2 wafer. Many cracks would be caused by the lattice volume 
misfit between single-crystalline TiO2 and product. The thickness of film is estimated as 15 μm, which 
was measured from the side view image of the wafer. 
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2.2.3 Results and discussion 
Fig. 2.2-2 shows the AFM images of synthesized films grown on different rutile TiO2 
surfaces of (100), (110), (001) and (111). Each film has thickness of about 15 μm. The structure and 
morphology of the sample surfaces greatly depend on the TiO2 surface orientation, and are quite 
different from those of the original TiO2 surfaces (Diebold, 2003, 53; Norenberg et al., 2000, L83; 
Raza et al., 1999, 5265; Uetsuka et al., 2000, 3769). Clear steps and wide terraces can be seen with 
high regularity and homogeneity on the sample prepared on a TiO2(111) surface (Fig. 2.2-2(a)). On 
the other hand, the sample surfaces prepared on TiO2(001), (100) and (110) surfaces (Figs. 2.2-2(b), 
(c) and (d)) reveal complex morphology of micrometer scales with averaged roughness over several 
nm. From these results, we can conclude that the rutile TiO2(111) wafer is most suitable for the sample 
preparation. 
Fig. 2.2-3 shows the out-of-plane XRD spectrum of a film grown on the TiO2(111) wafer. 
All the diffraction peaks were identified as the spinel Li4Ti5O12 structure, and there were no diffraction 
lines identified as different phases. This indicates that the film on the TiO2(111) wafer is almost a 
single phase of the spinel Li4Ti5O12 crystal. Furthermore this film showed strong and sharp diffraction 
lines of 111, 222, 333, 444 and 555, indicating that the synthesized film on the TiO2(111) wafer 
consists of a (111)-oriented single crystal. 
We consider the reasons of the highly orientated growth features of Li4Ti5O12 films on the 
TiO2(111) surface as follows. First, the (111) spinel surface has relative stability among the crystal 
surfaces of Li4Ti5O12. Note that a (111) surface is frequently the most stable one in spinel Li4Ti5O12 
crystal (Teshima et al., 2011, 4401; Kataoka et al., 2009, 631). Thus the (111) spinel surface layers 
tend to be preferentially formed. In other words, there occurs preferential (111) growth for spinel 
Li4Ti5O12. Second, the TiO2(111) surface should have better matching with the spinel (111) surface 
layer. So the TiO2(111) wafer is the most suitable for preparing highly oriented and crystallized 
90 
 
Li4Ti5O12 film. 
 
 
 
 
Fig. 2.2-2 AFM images of sample surfaces prepared from (a) (111), (b) (001), (c) (100) and (d) (110) 
rutile TiO2 surfaces, respectively. All images were acquired at 2 μm×2 μm area. 
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Fig. 2.2-3 Out-of-plane XRD spectra of surface product of TiO2(111) wafer. Systematic peak splits 
observed in (111)-oriented diffraction lines are derived from Kα1 and Kα2, respectively. 
 
 
We examined the structure and roughness of the (111) film surface by AFM as shown in Fig. 
2.2-4. Clear steps and terraces can be seen with high regularity on the sample surface in Fig. 2.2-4 
(a). Fig. 2.2-4(b) shows the surface profile along the black line in Fig. 2.2-4(a). A number of terraces 
have around 500 nm width with roughness less than 0.1 nm (almost ~10-2 nm with Ra), one order 
smaller than the roughness of conventional thin-film surface, and no other characteristic constructions 
are observed on the terraces, suggesting that we could prepare the atomically flat surface. On the line 
profile, steps of about 0.5 nm height were observed. The minimum step height was confirmed as 
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about 0.5 nm in any other places, and almost all higher steps have the heights of integer multiples of 
0.5 nm. Thus the single step height should be about 0.5 nm on this surface, corresponding to the {111} 
interplanar spacing (0.482 nm) of the spinel Li4Ti5O12 structure. From the AFM results, we can 
conclude that we could prepare a well-defined atomically flat (111) surface of spinel Li4Ti5O12 which 
has never been prepared. 
 
 
 
 
Fig. 2.2-4 (a) AFM image of prepared (111) film surface scaled at 1 μm. (b) Surface line profile along 
the black line shown in (a). 
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The electrochemical properties of the prepared film were investigated by cyclic voltammetry 
and galvanostatic charge-discharge experiment. 
Fig. 2.2-5(a) shows a CV curve of the (111) film. Reversible redox peaks were observed at 
1.6 V and 1.53V, due to the redox reaction of Ti3+-Ti4+ in the Li4Ti5O12 film. This shows that both the 
Li-insertion / extraction reactions can occur electrochemically in the sample. Note that the wafer 
electrode could react without conductive additive, because the electron conductivity of Li4Ti5O12 is 
greatly increasing with Li-insertion (Scharner et al., 1999, 857; Ma et al., 2007, 849; Takami et al., 
2011, A725). Further, the wafer side that was not contacting with current collector would also react 
uniformly, because all the side of wafer electrode was covered with Li4Ti5O12 crystal film and soaked 
into the electrolyte completely. The peak of the reduction side is smaller than that of the oxidation 
side. This is because the oxidation rate is higher than the reduction rate, due to the lower insulation 
of Li4Ti5O12 at the reduction state than at the oxidation state as confirmed with the CV curve of the 
Li4Ti5O12 single crystal (Kataoka et al., 2009, 631).  
Fig. 2.2-5(b) shows the galvanostatic charge-discharge property in the first to 5 th cycles at 
20 mA g-1 of current density between 2.0-1.0 V. Typical voltage plateau at around 1.5 - 1.6 V vs Li+/Li 
was observed at Li-extraction process, and suggested electrochemical reaction of Li4Ti5O12. On the 
other hand, voltage profiles described not plateau but slope in Li-insertion process. This would be 
caused by the single crystalline film form of the Li4Ti5O12 electrode. Note that the similar Li-insertion 
feature was confirmed at single crystalline sample (Kataoka et al., 2009, 631). The color alternation 
of Li4Ti5O12(111) film with charge-discharge experiments was also shown in Figs. 1.4-3. The color 
of the sample at 1 V vs Li+/Li (state B) is greatly changed with pristine one (state A), altered from 
white to black, which shows the redox reaction of Ti4+ → Ti3+. The sample at 2 V vs Li+/Li (state C) 
is as same color as initial one, which means reversible Li-insertion / extraction reaction.  
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The charge capacity at the fifth cycle was 27.5 mAh g-1, which is about 98% of that of the 
first cycle. This indicates stable charge-discharge cycle property of the formed film. However, the 
charge capacity was 28 mAh g-1 which is less than 16% of the theoretical capacity of Li4Ti5O12 even 
at the first cycle. As mentioned above, all the side of wafer would react uniformly and the surface of 
Li-inserted wafer has evenly color in lateral direction (Fig. 2.2-6). Therefore, all the outer surface of 
Li4Ti5O12(111) film should be involved in the Li-insertion and extraction uniformly. If we suppose 
the Li-insertion reaction progresses from the surface, Li-inserted phase will be generated till 2 μm 
deep region from the surface in the film of 15 μm thickness, which is enough thickness to discuss the 
surface reaction of Li4Ti5O12 with Li-insertion. 
 
 
 
Fig. 2.2-5 (a) Cyclic-voltammograms of prepared (111) film. The scan rate was 0.1 mV / sec 
between the cut-off potential of 2.0-1.0 V for 5 cycles. Red solid line describes the electrochemical 
property of pristine rutile wafer. (b) 5 cycles of galvanostatic charge-discharge property of as 
prepared Li4Ti5O12(111) wafer electrode between 2.0-1.0 V. 
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Fig. 2.2-6 Optical micrographs of Li4Ti5O12(111) wafer surface. (A) as prepared, (B) Li-inserted state 
(1 V vs Li+/Li of cell voltage) in Fig. 2.2-5(b) and (C) Li-extracted state (2 V vs Li+/Li of cell voltage) 
in Fig. 2.2-5(b). Each samples were photographed at bright-field (BF) and dark-field (DF) 
illumination. 
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2.2.4 Conclusions 
We succeeded in preparing spinel Li4Ti5O12(111) film with atomically flat surface, suitable 
to the SPM investigation, by applying Li-VIG to TiO2 bulk wafer.  
 
1. Crystal film, 15 μm thickness, was produced on the rutile TiO2(111) wafer surface by Li-
VIG, and it was identified by XRD analysis as a highly (111)-oriented spinel Li4Ti5O12 crystal.  
2. The AFM observation revealed that the (111) film is well crystallized and step height of 
0.5 nm, corresponding to the {111} interplanar spacing in spinel Li4Ti5O12. Surface roughness of 
terrace part was evaluated as ~10-2 nm with Ra value, meaning atomically flat. It is less than one-
tenth of surface roughness of the existing thin-film. This well-defined surface has been prepared never 
before. 
3. In the electrochemical experiments, we confirmed that the prepared Li4Ti5O12 film was 
really active for reversible Li insertion / extraction at 1.5-1.6 V.  
 
Our prepared films should be suitable for surface science studies of electrochemical 
phenomena of Li4Ti5O12 and relating materials, using in-situ or ex-situ SPM investigation, because 
of both the atomic flatness and the electrochemical activity. In the next chapter, surface science of 
Li4Ti5O12 was discussed using well-defined (111) surface, where the electrochemical characterization 
and atomic scale characterization were performed. 
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2.3 Preparation of a spinel LiMn2O4 single crystal film from a MnO 
wafer 
 
2.3.1 Introduction 
The spinel LiMn2O4 is one of the promising positive electrode materials for lithium-ion 
batteries, due to its relatively high electrochemical potential, low cost, and lower-toxicity than LiCoO2. 
Indeed, there many batteries developed to high-power application adopted the LiMn2O4 based 
positive electrode (Lu et. al., 2013, 272). However, various phenomena, such as the changing of 
surface morphology or structure (Quinlan et al., 2001, 4207; Hirayama et al., 2007, A1065), 
dissolution of Mn3+ into the electrolyte (Thackeray et al., 1998, 7) and surface film formation (Matsuo 
et al., 2001, A687) are confirmed at electrolyte / LiMn2O4 interface under the elevated temperature, 
and they restricted performance and safety of batteries (Inoue et al., 1998, 3704; Amatucci et al., 1997, 
11), preventing the further application. To address these matter, surface (or interface) investigation of 
LiMn2O4 is essentially important, therefore many surface studies have been performed by X-ray 
scattering techniques (Hirayama et al., 2007, A1065; 2010, 15268), X-ray photoelectron spectroscopy 
(Quinlan et al., 2001, 4207), scanning probe microscopy (SPM) (Inaba et al., 1999, 554; Kushida et 
al., 2000, 2238; Kuriyama et al., 2007, 2256; Doi et al., 2008, 539; Vidu et al., 2002, 6546) and some 
surface modification (Xia et al., 2000, 135; Cho et al., 1999, 607).  
Most of the studies mentioned above have been propagated by thin-film electrode prepared 
by pulse-laser deposition (PLD) (Striebel et al., 1996, 1821; Hirayama et al., 2007, A1065; 2010, 
15268) or spattering (Moon et al., 2003, 717). Its low crystallinity without clear surface structure 
restricted fine surface study. Hirayama et al succeeded in preparing the well-defined thin film with 
low surface roughness of around 10-1 nm of rms (Rq). However, obvious step-terrace structure with 
atomically flatness have not yet been prepared, and it allows us to detail surface study and will bring 
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useful knowledge to improving the properties of LiMn2O4 electrode.  
In this section, we applied Li-VIG methods with MnO single crystal wafer to prepare the 
spinel LiMn2O4 crystal film suitable to its surface study. To prepare the well-defined LiMn2O4 surface 
of step-terrace structure with atomically flatness were the goals of this work. 
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2.3.2 Experimental  
A detail preparation procedure is presented in Fig. 2.3-1. A LiMn2O4 crystal is formed on a 
MnO wafer by conventional solid state reaction (Thackeray et al., 1984, 179; Wickham et al., 1958, 
351). Because both the LiMn2O4 and MnO (space group : Fm3m, a = 0.445 nm) crystals belong to 
the cubic, it is considered that the growth orientation of a LiMn2O4 crystalline film can be controlled 
by selecting the surface orientation of a MnO wafer. Thus we used (100), (110) and (111) wafers of 
MnO single crystals (Crystal Base) of 2×2×0.5 mm3 with one side polished. Each wafer was cleaned 
in acetone by ultrasonic cleaner, and was calcined at 1173K for 15 h in air using an alumina crucible 
with 10 mg of LiOH.H2O powder (Wako) to produce LiMn2O4. After calcinations, a film of about 
150 μm thickness was formed on a MnO wafer. 
X-ray diffraction data were recorded by intelligent X-ray diffractometer (SmartLab, Rigaku) 
with Cu Kα1 radiation. The beam diameter was about 10 mm
2. The orientation of the synthesized film 
was characterized by out-of-plane and pole-figure measurement techniques. The surface morphology 
and flatness of the film were investigated by AFM (NanoNavi-Ⅱ, SII) with DFM mode. The 
elemental analysis of the film was performed by transmission electron microscopy (TEM) (JEM-
3000F, JEOL) equipped with electron energy-loss spectroscopy (EELS) using Gatan imaging filter 
(GIF, GATAN Inc.) at 97 keV. The energy resolution was 0.6 eV with 0.1 eV / channel dispersion 
evaluated by full-width at half-maximum (FWHM) of zero-loss peak. 
The electrochemical property of the synthesized film was evaluated by cyclic voltammetry 
and galvanostatic charge-discharge experiments. A test-type electrochemical cell (HS-cell, Hohsen) 
was used for both experiments. The counter electrode was constructed by a lithium foil and the 
electrolyte was a 1:1 mixture of ethylene carbonate (EC) and dimethyl carbonate (DMC) containing 
1M LiPF6. The synthesized (111) film was flaked from a wafer and crushed for electrode material. 
The electrode consists of 80 wt % electrode material, 10 wt % ketjen black, and 10 wt % teflon binder. 
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These components were dispersed in ethyl alcohol and sheeted by pressing and drying in dry air for 
12 h. After the cells were assembled in dry air, the charge-discharge cycle was galvanostatically 
carried out at a 70 mA g-1 of current density with a cut-off voltage of 3.5－4.5 V (vs Li+ / Li) for five 
cycles. The cyclic voltammetry experiments were carried at a scan rate of 0.05 mV / sec for 5 cycles 
in the room temperature. 
 
 
 
 
Fig. 2.3-1 A preparation procedure of LiMn2O4. A fresh (without deactivation treatment) alumina 
crucible was used for this experiment. A MnO wafer should be placed on the Au plate as shown in 
figure to prevent the adherence to the alumina crucible. The thickness of surface product on the MnO 
wafer was estimated 150 μm which is measured by the photograph of wafer cross-section. 
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2.3.3 Results and Discussion 
Fig. 2.3-2 shows the optical micrographs of the synthesized films grown on MnO wafers 
with different orientations. We can see continuous facet edges on each surface, which have different 
features depending on the wafer orientation. The facet edges with angles of 90°and 60°are generated 
on the films grown on the MnO(100) and (111) wafers, respectively, and the parallel facet edges are 
observed on the film grown on the MnO(110) wafer. All these features indicate that a highly-oriented 
single crystal with a single domain is formed as a film in each. 
Fig. 2.3-3 shows the out-of-plane XRD spectra of the synthesized films grown on the MnO 
(100), (110) and (111) wafers as lines (A), (B) and (C), respectively. The film formed on the 
MnO(100) wafer has the strongest diffraction line at about 43.9°of 2θ, corresponding to the (400) 
diffraction peak of a spinel crystal (a = 0.8240 nm). Other small peaks marked by filled triangles ▼ 
in line (A) are assigned as those of Mn3O4 (Hausmannite, spaces group of I41/amd, ICDD PDF#073-
6699) (Baron et al., 1998, 786; Chardon et al., 1986, 128). The film formed on the MnO(100) wafer 
is mainly a (100)-oriented LiMn2O4 spinel crystal, while it contains randomly-oriented Mn3O4 as an 
impurity phase.  
In the diffraction spectrum of the film formed on the MnO(110) wafer (line (B) of Fig. 2.3-
3), the strongest peak at about 63.8°is identified as the (440) line of a spinel crystal (a = 0.8245 nm), 
while the other small peaks with filled triangles ▼ are assigned as those of Mn3O4, similarly to the 
(100) film. As shown in the inset in Fig. 2.3-3, there is a diffraction peak at about 30.6°of 2θ, 
corresponding to the (220) diffraction line of a spinel crystal (a = 0.8245 nm). It can be said that the 
film formed on the MnO(110) wafer is mainly a (110)-oriented LiMn2O4 spinel crystal, while it 
contains a Mn3O4 phase, similarly to the (100) film. 
In the diffraction spectrum of the film formed on the MnO(111) wafer (line (C) of Fig. 2.3-
3), the strongest diffraction line at about 18.5°of 2θ is identified as the (111) diffraction peak of a 
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spinel crystal (a = 0.8255 nm), and we can see the (222), (333), and (444) diffraction lines as like the 
epitaxial LiMn2O4(111) film (Hirayama et al., 2007, A1065). All these peaks indicate that the formed 
film is basically a (111)-oriented LiMn2O4 single crystal. There is a weak diffraction peak marked by 
a filled square ◆ at about 17.9°of 2θ, which is a little smaller than the angle of the strongest (111) 
line. Similar weak peaks marked by filled squares are also observed in a little lower side of the angles 
of the (222), (333) and (444) diffraction lines. All these weak peaks can be assigned as the diffraction 
of a different spinel crystal (a = 0.852 nm), Li1.223Mn2.447O4 (ICDD PDF#054-0261, a = 0.848 nm) as 
non-stoichiometry compound (Sugiyama et al., 1996, 163; Strobel et al., 1998, 132; Massarotti et al., 
2002, 317; Kanno et al., 1999, 542; Hosoya et al., 1997, L52), formed with the same orientation as 
the LiMn2O4 crystal. 
This impurity phase is also expressed as LiMn2O3.27, which means the deficiency of 0.73 
numbers of O atoms from the chemical composition of LiMn2O4. The formation of LiMn2O3.27 should 
be caused by the deficiency in oxygen supply during the growth of LiMn2O4 from the MnO wafer. 
The ratio of O / Mn has to become twice as much during the formation of LiMn2O4 from MnO, and 
thus enough oxygen have to be supplied. However, it is possible that the oxygen supply is not enough 
inside the film during the growth process in the air, leading to the formation of the oxygen deficient 
phase as LiMn2O3.27. Thus this phase should exist rather deep inside the film, while detailed 
examination is not so easy at present. The abundance ratio of this phase is about 1.6%, evaluated from 
the peak intensity ratio. Thus the (111) film can be regarded to be almost a single phase. 
Here, the spinel LiMn2O4 single crystal has the lattice constant of 0.825 nm (Akimoto et al., 
2000, 3246), and the spinel crystal films formed on the MnO(100), (110) and (111) wafers have 
similar values of the lattice constant. Thus we conclude that LiMn2O4 (100), (110) and (111) films 
are indeed formed on the MnO(100), (110) and (111) wafers, respectively. Fig. 2.3-4(a) to (c) show 
the pole figures of the (100), (110) and (111) films. Clear diffraction spots are observed in all the 
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figures, indicating that each film consists of a single domain crystal. Note that the spot size of X-ray 
is the mm scale (X-ray beam radi. r is estimated about 1.8 mm as r = sqrt. (10 / π)). It can be said that 
highly-oriented LiMn2O4 single crystalline films can be prepared using a MnO wafer, and that the 
orientation of film growth can be controlled by selecting the orientation of a MnO wafer. 
The impurity phases as Mn3O4 or Li1.223Mn2.447O4 may exist as different domains in each 
film, while the LiMn2O4 spinel crystal in each film should be a single crystal in a single domain due 
to the XRD measurement and surface-facet observed in Fig. 2.3-2. Both the Mn3O4 and 
Li1.223Mn2.447O4 phases should be formed rather deep inside the film, not near the surface. Mn3O4 is 
considered to be generated near the MnO substrate due to the deficiency of Li supply, as 
Li1.223Mn2.447O4 is generated due to the deficiency of oxygen. In the present study, aiming to obtain 
atomically flat LiMn2O4 surfaces, these impurity phases do not seem to induce serious problems on 
the surfaces, due to their places and small contents in each film. 
 
 
 
 
Fig. 2.3-2 Optical micrographs of prepared films formed on MnO(111), (110) and (100) wafers. The 
pictures were acquired by Digital Microscope. The scale bar shows 100 μm in each. 
(100)(110)(111)
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Fig 2.3-3 Out-of-plane XRD spectra of the films formed on MnO wafers. Spectra (A), (B) and (C) 
indicate those of the films formed on the (100), (110) and (111) wafers, respectively. An inset shows 
the magnification near the (220) diffraction position in spectrum (b). 
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Fig 2.3-4 Pole figures of the films formed on the MnO(100) (a), (110) (b) and (111) (c) wafers. 
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We examined the surface structure and roughness of the formed (100), (111) and (111) 
LiMn2O4 films by AFM as shown in Fig. 2.3-5. The structure and morphology of the surfaces are 
greatly dependent on the film orientation. The (100) film surface shown in Fig. 2.3-5(a) has 
complex morphology. This does not mean that the (100) film is a polycrystalline or 
microcrystalline, but the crystal surface of the (100) film itself is rough. The roughness was 
evaluated as 0.3 nm of (Ra) value. This value itself is not so large, and we can say that this surface 
is almost atomically flat. 
The (110) film surface shown in Fig. 2.3-5(b) does not have clear structure, while lines 
running diagonally may reflect the crystal character of the LiMn2O4(110) surface. However, the 
roughness along the direction crossing the lines is nm scale, and it is not so homogeneous. This may 
be caused by the fact that the surface of a (110) film is not so stable as that of a (100) film (Huang et 
al., 2001, 103). 
On the other hand, clear steps and terraces can be seen with high regularity on the surface 
of the (111) film shown in Fig. 2.3-5(c). Fig. 2.3-5(d) shows the surface profile along the line in Fig. 
2.3-5(c). A number of terraces have around 100 nm width with roughness less than 10-2 nm of rms, 
and no other characteristic constructions are observed on the terraces, suggesting that we could 
prepare the atomically flat surface. On the line profile, steps of about 0.5 nm height are observed. 
The minimum step height is confirmed as about 0.5 nm in any places, and almost all higher steps 
have the heights of integer multiples of 0.5 nm. Thus the single step height should be about 0.5 nm 
on this surface, corresponding to the {111} interplanar spacing (0.477 nm) of the spinel LiMn2O4 
structure. 
From the AFM results, we can conclude that the LiMn2O4(111) film has a well-defined 
atomically flat surface. The(111) film has the best quality among the examined films. As explained 
above, the (111) film has no impurity Mn3O4 phase, except for a small content of Li1.223Mn2.447O4. 
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All these points can be understood by the fact that the (111) surface is the most stable in a LiMn2O4 
crystal (Karim et al., 2013, 075322; Takada et al., 1999, 505; 1998, 290). In other words, a LiMn2O4 
(111) film is easy to grow, compared to LiMn2O4(100) and (110) films.  
 
 
 
 
Fig. 2.3-5 AFM images of the surfaces of the (100) (a), (110) (b) and (111) (c) films. All the data was 
acquired at scan area of 500 nm×500 nm. The surface line profile is shown in (d) for the line A-B in 
(c). 
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Fig. 2.3-6 shows EEL spectra of the prepared (111) film. The film was scratched from a 
MnO wafer and crashed to prepare the thin sample. EEL spectra were acquired from Li-K edge and 
Mn-L edge regions to investigate the chemical components and chemical states of Mn ions in the 
prepared film.  
In the Li-K edge energy region spectra shown in Fig. 2.3-6(a), there exists an energy-loss 
peak at 60.7 eV in the (111) sample, which is also observed in the standard LiMn2O4 powder (Nikki 
Chemicals) and Li2MnO3 powder. However, the Mn2O3 sample has no peak in this energy position. 
Thus we can say that this peak is not caused by Mn but caused by Li. The intensity of this peak in 
the prepared film is similar to the corresponding peak in LiMn2O4, while it is weaker than the 
corresponding peak in Li2MnO3. This suggests that the Li / Mn component ratio in the prepared 
(111) film is similar to that in LiMn2O4, and is lower than that in Li2MnO3.  
The chemical state of Mn in the (111) film can be examined by the Mn-L edge spectrum 
shown in Fig. 2.3-6(b). Here, it is known that the shape of Mn-L3 edge spectrum is varied according 
to the valence state of Mn. This feature can be actually observed in the L3 edge spectra of Li2MnO3 
(Mn4+) and Mn2O3 (Mn
3+). The spectrum of Li2MnO3 containing only Mn
4+ has two main peaks 
assigned as No. 1 and No. 3, and the spectrum of Mn2O3 (Mn
3+) has only one peak assigned as No. 
2. These features are the same as the other minerals containing Mn (Garvie et al., 1994, 191). On the 
other hand, LiMn2O4 containing both Mn
3+ and Mn4+ has one main peak at No. 3 concerning Mn4+ 
and two shoulder peaks at No. 1 and No. 2, concerning Mn4+ and Mn3+, respectively, as observed by 
the X-ray absorption study (de Groot, 1994, 529; Liu et al., 1997, 326). This feature is also observed 
in the prepared (111) film. From all the results of Li-K edge and Mn-L edge spectra, we can conclude 
that the prepared film is LiMn2O4. 
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Fig. 2.3-6 (a) EEL spectra of various Li-Mn-O samples in the Li-K edge region. All the spectra were 
normalized by the Mn-M edge peak intensity. (b) EEL spectra in the Mn-L edge region. All the spectra 
were normalized by the L3 edge peak intensity. 
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Electrochemical properties of the prepared film were investigated by cyclic voltammetry. 
Fig. 2.3-7(a) shows three cycles of cyclic-voltammogram for the electrode, made of crushed powder 
of the LiMn2O4(111) film, with a scan rate of 0.05 mV / s for 3.5 V－4.5 V potential region. Two 
pairs of separated oxidation peaks at 4.05 and 4.21 V, and reduction peaks at 3.91 and 4.06 V, 
obviously reflect the two-step reversible insertion and extraction of lithium between LiMn2O4 and 
λ-MnO2. The ratio of the anodic peak height to the cathodic peak height (Ipa / Ipc) is nearly 1 (0.91) 
and the areas of the two redox peaks are almost equal. These results indicate that the insertion and 
extraction of Li ions occur reversibly and that each reaction occurs as the two-stage process. 
Furthermore, the CV curves of the three cycles are all similar, indicating good reversibility.  
Fig. 2.3-7(b) shows the charge-discharge characteristics in the first five cycles at a constant 
performance between 3.5－4.5 V. There are two distinct potential plateaus at about 4.02 and 4.15 V 
in the charge curves, and at about 4.10 and 3.95 V in the discharge curves, respectively. These 
potential plateaus correspond to the redox current peaks in the voltammetry curves in Fig. 2.3-7(a), 
and are characteristic of the LiMn2O4 spinel structure (Thackeray 1997, 1). The discharge capacity 
in the first cycle was estimated as 116 mAh g-1, which is identical to the result of conventional 
LiMn2O4 spinel. The capacity at the fifth cycle is 113 mAh g
-1, which is about 97% of the first 
cycle, indicating the stable charge-discharge cycle property of the prepared film.  
In the present study, crushed powder samples made of the prepared film were used in the 
electrochemical experiments. Of course, it is desirable to examine the electrochemical properties of 
the prepared film directly as a film sample. At present, it is not possible to perform such experiments, 
because of the low electron conductivity of the prepared LiMn2O4 film. We have tried to obtain the 
galvanostatic charge-discharge curves for the prepared (111) film, while the current density was 
decreased till the instrumental limit due to the low conductivity. Even in such an experiment, the 
voltage flat was observed in both the charge and discharge curves, indicating the electrochemical 
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activity of the prepared film. However, we could not obtain the characteristic two-stage voltage 
profile in such a low current density (Fig. 2.3-8). Here we would like to emphasize that we 
successfully generate highly oriented single-crystal LiMn2O4(111) films with atomically flat surfaces 
and with usual electrochemical activity in powder forms. The present technique should open the way 
to investigate both the surface electrochemical reaction and surface structural change in LiMn2O4 as 
recent studies of Li4Ti5O12. 
 
 
 
 
Fig. 2.3-7 (a) Three cycles of cyclic-voltamograms of a electrochemical cell with a cathode made of 
crushed powder of the synthesized (111) film. (b) Five cycles of galvanostatic charge-discharge 
property of the synthesized (111) film. 
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Fig. 2.3-8 Galvanostatic charge-discharge property of the prepared (111) film itself with galvanostatic 
current of 1 μA as instrumental limitation. 
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2.3.4 Conclusions 
We had successfully prepared single crystalline spinel LiMn2O4 films on MnO wafers by 
applying Li-VIG method.  
 
1. Films formed on MnO wafer had about 150 μm thickness. 
2. Out-of-plane and pole-figure XRD measurements revealed that the formed films on MnO 
(100), (110) and (111) wafer are highly-oriented (100), (110) and (111) spinel single crystals with 
around 0.825 nm of lattice constant as same as LiMn2O4.  
3. The AFM observation revealed that the surface of (111) film had well-defined step-terrace 
structure. Single step had 0.5 nm of height which is corresponding to the {111} interplanar spacing 
of spinel LiMn2O4, and terrace had atomically flat surface less than 10
-2 nm (rms) of roughness. 
4. The crushed powder sample from the formed film had real electrochemical activity with 
reversible Li-insertion / extraction at about 3.9 V and 4.1 V vs Li+ / Li as usual LiMn2O4.  
 
Our prepared films should be effective to atomic-level studies of electrochemical phenomena 
of LiMn2O4 surfaces by using in-situ or ex-situ SPM investigation and other spectroscopic or 
microscopic techniques. 
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3.1 Study of spinel Li4Ti5O12(111) surface; under the battery reaction 
 
3.1.1 Introduction 
In previously section (§2.2), we prepared single crystalline Li4Ti5O12 film with well-defined 
surface by Li-VIG, and confirmed its electrochemical activity. This model electrode is well suitable 
for detail investigation of surface reaction. Here, we examine the surface structure changes during 
the first lithium insertion / extraction process with applying the prepared model electrode, and 
investigate the detailed process of the surface electrochemical reaction of Li4Ti5O12. 
 Electrochemical reaction at the Li4Ti5O12 electrode surface or Li4Ti5O12 / electrolyte 
interface is little known in spite of its importance for the battery performance. The high rate charge-
discharge performance of Li4Ti5O12 should be also dominated by atomistic or molecular-level mass 
transport at the interface. It is crucial to investigate the electrochemical phenomena of the electrode 
surface or interface such as lithium diffusion in the electrolyte, adsorption of solvated lithium or de-
salvation on the surface, surface diffusion of lithium-ions and redox of the electrode surface, 
formation of lithium-rich phases or surface compound layers as solid-electrolyte interphases (SEI), 
and so on. 
Recently, from electrochemical experiments, it was reported that the surface reaction of 
Li4Ti5O12 possibly occurs during the first lithium insertion process, and that the surface reaction 
possibly induces the reconstruction of the Li4Ti5O12 surface structure at the Li4Ti5O12 / electrolyte 
interface (Hirayama et al., 2011, 2882). However, the detailed atomic-structure changes and 
procedure of the surface reaction of Li4Ti5O12 during the first lithium insertion process are still 
unclear. It is of great importance to study the details of the surface reaction at the atomic and 
electronic scales so as to elucidate the charge-discharge mechanism of Li4Ti5O12, which should 
contribute to the significant improvement of battery performance and to the development of 
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materials design of electrode materials. 
 For this purpose, it is desirable to obtain detailed information on the surface structure and 
its changes during the charge and discharge processes directly as previously reported (Reddy et al., 
2010, 27). Therefore, we apply the SPM and TEM observations. The SPM such as atomic force 
microscopy (AFM) allows us to obtain direct images of the electrode-surface structure and 
morphology in nano or sub-nano scale, which cannot be obtained by usual spectroscopic studies 
(Hirayama et al., 2010, 15268; Morcrette et al., 2002, 3137; Snyder et al., 2007, 9336; Schechter et 
al., 1999, 3334). Indeed, the SPM observation was applied to graphite negative electrodes (Inaba et 
al., 1996, 1535; Jeong et al., 2001, A989) and some transition-metal oxide surfaces (Semenov et al., 
2001, A1239; Kuriyama et al., 2007, 2256) for electrochemical applications, which revealed surface 
reaction mechanisms in real time. Furthermore, the TEM observation allows us to obtain cross-
sectional images of the electrode surfaces with atomic structure changes or formation of surface 
layers or products by the electrochemical reaction. By combining the TEM high-resolution 
observation with electron energy-loss spectroscopy (EELS), we can investigate the atomic and 
electronic structures, compositions and chemical states at the electrode surface and bulk, as recently 
performed in electrode materials for lithium-ion batteries (Kim et. al., 2011, 764; Yamamoto et al., 
2010, 4414; Kikkawa et al., 2008, A183; Huang et al., 2010, 1515). It can be said that the 
combination between the SPM and TEM observations should provide valuable insights into the 
surface electrochemical reaction of electrode materials.  
Here we applied the prepared model electrode with well-defined Li4Ti5O12(111) surface to 
SPM and TEM investigation to discuss the surface reaction of Li4Ti5O12 crystal under the 
electrochemical Li-insertion / extraction experiments.  
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3.1.2 Experimental 
The sample preparation method is the same as mentioned in (§2.2). A rutile TiO2(111) wafer 
of 2×2×0.5 mm3 with one side polished (SHINKOSHA) was cleaned in acetone by a ultrasonic 
cleaner, and calcined in air at 1073 K for 12 h to remove possible organic contaminations. Then the 
wafer was calcined at 1173 K for 12-15 h in air using an alumina crucible with LiOH.H2O granules 
powder (Wako) to produce Li4Ti5O12.  
Electrochemical lithium-ion insertion experiments were carried out using a test-type cell 
(HS-cell, Hosen) with metallic lithium as a counter electrode. A prepared Li4Ti5O12(111) film on a 
TiO2 wafer with a Cu film as a current collector was used as the positive electrode. The cells were 
assembled and sealed in a dry air-filled box with lithium foil as the negative electrode and 1 M 
LiPF6 dissolved in EC / DMC (1:1 by volume) as the electrolyte. A galvanostatic experiment was 
performed in the voltage range between 1.1 V and 2 V versus lithium. We performed charge-
discharge experiments at a current density of 20 mA g-1.  
Electrochemical impedance spectroscopy was applied before and after the galvanostatic 
experiment, by using impedance modules. The frequency range was 10 kHz to 10 mHz with an AC 
signal of 5 mV. An additional DC bias voltage of 1.6 V was applied. After the electrochemical 
experiments, the cell was dismantled in a dry air filled box and the film sample was rinsed by DMC 
solution to wash out the electrolyte from its surface. 
AFM (NanoNavi-Ⅱ, SII) was used to evaluate the roughness of reacted sample surfaces by 
dynamic force mode, and scanning electron microscope (SEM) (S-5500, HITACH) was used to 
analyze the surface composition via energy dispersive X-ray (EDX) spectroscopy measured at 10 
kV of electron accelerating voltage. The degradation of sample surfaces occurs in lithium inserted 
samples for the AFM observation in air. Spherical precipitates on the surface were observed when 
the sample was exposed in air in a long time (as shown in Fig. 3.1-1). We can easily distinguish the 
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precipitate morphology in the AFM image, and we terminated the observation before such 
precipitates are formed. 
JEM-3000F (JEOL) TEM was used at 200 keV to take the bright field micrographs of the 
samples. The elemental analysis was performed by EELS using Gatan Imaging Filter (GATAN) at 
197 keV. A thin-specimen suitable to TEM observation was easily acquired without a specimen 
thinning process, because the prepared Li4Ti5O12 film has thin edges itself. 
 
 
 
 
Fig. 3.1-1 Degradation morphology of Li-inserted Li4Ti5O12(111) surface in air. (a) The AFM image 
of Li-inserted Li4Ti5O12 sample surface and (b) surface morphology of Li-inserted sample exposed in 
air for 1 hour. Many spherical precipitates in (b) would be Li2CO3, which is generated by reaction of 
CO2 and Li (extracted from Li-inserted Li4Ti5O12 surface). Both images were acquired from 1 μm2 
area. 
 
 
(b)(a)
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3.1.3 Results and discussion 
We performed AFM observation of surface morphology changes by the lithium insertion 
and extraction processes. Fig. 3.1-2 shows the topographical AFM images of an as-prepared 
Li4Ti5O12 sample (a) and after five cycles of lithium insertion and extraction reactions (b). On the 
as-prepared sample surface, we can see steps and terraces clearly, where the step height is about 0.5 
nm as shown in (c), corresponding to a single step height of the Li4Ti5O12(111) surface. However, 
on the sample surface after the five charge-discharge cycles, we cannot see any clear steps or 
terraces by remarkably increased roughness of about 10 nm as clearly shown in (c). It can be said 
that the lithium insertion and extraction reaction changes atomically flat Li4Ti5O12(111) surfaces 
into remarkably rough surfaces.      
To examine the compositional changes in the sample surface after the lithium insertion and 
extraction reactions, we performed EDX analysis by using SEM. Fig. 3.1-3(a) shows the SEM 
image of the sample surface after the initial five cycles of lithium insertion and extraction, which 
resembles the AFM image in Fig. 3.1-2(b). The EDX spectrum in Fig. 3.1-3(b), acquired in the 
observation area of (a), shows clear peaks at 0.52 keV and 4.5 keV of the binding energy, which are 
confirmed as Kα peaks of oxygen and titanium, respectively. No other peaks concerning C, F or P 
are observed, at least within the detection limit. This indicates that the surface roughness means 
surface structural changes of Li4Ti5O12 by the lithium insertion and extraction reactions. Here, the 
EDX analysis is known to be suitable to detect various elements rather deep in the surface as about 
~ μm, while this does not necessarily mean insensitivity to elements in shallower regions, as 
successful EDX analyses of surface products or electrolyte components (Choi et al., 2002, 132; 
Ortiz et al., 2009, 63). Additionally, we have examined this point by EELS observation of the 
sample after the first cycle as will be discussed later. And it was previously reported that no 
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decomposition of the EC / DMC electrolyte occurs in the present experimental condition (Hirayama 
et al., 2011, 2882; Zheng et al., 2006, 1556; Shu, 2008, A238). 
 
 
 
 
 
Fig. 3.1-2 AFM observation of surface morphology changes of Li4Ti5O12 surfaces by the charge-
discharge reaction. Topographical AFM images of an as-prepared sample (a) and a sample after five 
lithium insertion-extraction cycles (b), respectively. The surface profiles of blue and black solid lines 
in (c) correspond to each line in (a) and (b). 
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Fig. 3.1-3 SEM image (a) and EDX spectrum (b) of the Li4Ti5O12 surface after the initial five cycles 
of lithium insertion and extraction. The EDX spectrum was obtained in the area of (a) at 10 kV of 
accelerating voltage. 
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To investigate the morphology change of the atomically flat Li4Ti5O12(111) surface during 
the first lithium insertion and extraction cycle, we performed AFM observations at various lithium 
inserted states from the point (A) to the point (H) in Fig. 3.1-4. The voltage plateaus at around 1.5 
V-1.6 V on the potential profile indicates that the prepared sample is surely active as a battery 
electrode material. The voltage plateau in the lithium insertion reaction in Fig. 3.1-4(a) has a slope 
in contrast to the characteristic flat plateau at 1.55V in conventional experiments of Li4Ti5O12 
powder samples (Wu et al., 2012, 33). This phenomenon was also observed for other Li4Ti5O12 
single crystal samples (Kataoka et al., 2009, 631), which is caused by low electron conductivity and 
flat surface morphology, and not necessarily caused by different electrochemical reactions. 
The points (E) and (F) correspond to the exposure in 15 and 30 minutes from the beginning 
of the lithium insertion process, corresponding to 10 % and 20 % of the full lithium insertion in the 
present experiment, respectively. The points (G) and (H) correspond to the full lithium insertion 
(state at 1 V of cell voltage) and extraction (2V of cell voltage) in the first cycle, respectively. Fig. 
3.1-4(b) shows potential profiles of the lithium insertion process in the initial five cycles, extracted 
from the square region of Fig. 3.1-4(a). The profiles except the first cycle are all similar to each 
other, indicating that the lithium insertion processes from the second cycle are performed rather 
stably and reproducibly. This also indicates that the first lithium insertion reaction should have quite 
different nature, compared to the lithium insertion after the second cycle. In Fig. 3.1-4(b), there is 
peculiar potential fluctuation in the early stage of the first lithium insertion process, which means 
the change in the cell internal resistance that contained the bulk or electrode / electrolyte interface 
resistance during the insertion process, as discussed later. 
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Fig. 3.1-4 (a) Potential profile in the first lithium insertion and extraction cycle (discharge and 
charge cycle in the present cell) of an as-prepared Li4Ti5O12 sample with a flat (111) surface. AFM 
observations were performed for the samples of various lithium insertion and extraction states from 
(A) to (H). (b) Potential profiles of the lithium insertion process (discharge curves) in the initial five 
cycles. The first one is a simple magnification of the square region of the curve in (a). 
 
 
 
1.1
1.3
1.5
1.7
1.9
0 30 60 90 120 150 180
P
o
te
n
ti
a
l 
(V
 v
s
 L
i)
Time (min)
E F
G
H
(a)
1.53
1.56
1.59
1.62
0 5 10 15 20
P
o
te
n
ti
a
l 
(V
 v
s
 L
i)
Time (min)
A
B
C D
(b)
1 st
2nd ~ 5th
130 
 
The AFM images in Fig. 3.1-5(a) are acquired at each point in Fig. 3.1-4. All the images 
exclude at the initial process (A to D) have features similar to the image of Fig. 3.1-3(b), indicating 
that the surface roughness is increased by the lithium insertion. The surface roughness can be 
measured by an arithmetic mean profile deviation (Ra) value. For the samples at the points (E) to 
(H), the Ra values are 1.5 nm (E), 2.63 nm (F), 2.36 nm (G) and 2.32 nm (H), respectively. Even 
the sample at the point (E) with 10% of the full lithium insertion has the roughness fifty times larger 
than the as-prepared sample of Ra = 0.03 nm. The surface roughness reveals the maximum at the 
point (F), and does not show large changes for the points (G) and (H). Note that the accuracy of Ra 
for the surface structural changes of flat crystalline samples does not seriously depend on the 
substrate or thickness of samples, differently from the cases of deposited films on some substrates 
(Reddy et al., 2006, 4301). It is clear that the surface morphology change occurs irreversibly at the 
early stage of the initial lithium insertion process, and that the surface roughness cannot be removed 
by the lithium extraction.  
It is quite interesting to examine the correlation between the surface morphology change and 
the potential fluctuation in initial lithium insertion process. Thus we examined the surface 
morphology changes at each point of potential fluctuation shown in Fig. 3.1-4(b). The AFM image 
of the sample at the point (A) in Fig. 3.1-4(b), just before the local minimum of potential profile. 
There are clear steps and terraces like the as-prepared sample shown in Fig. 3.1-2(a). The roughness 
on the terraces is rather small with the Ra value of 0.037 nm. Thus the surface morphology change 
is very small at this point at the beginning of the lithium insertion. In the AFM image of the sample 
at the point (B) as the local minimum of the potential profile in Fig. 3.1-4(b), we can see clear steps 
and terraces, while the surface roughness of the terrace part is increased as Ra = 0.07 nm, twice as 
large as the sample at the point (A). For the surface at the point (C), steps and terraces are 
marginally observed. The roughness is greatly increased as Ra = 0.24 nm, which is three times 
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larger than that of the sample at the point (B). At the point (D) with further lithium insertion 
reaction after the potential fluctuation, we cannot see clear surface structures, and the roughness 
reaches the Ra value of 0.6 nm. Note that this value is yet smaller than the value at the point (E) in 
Fig. 3.1-4(b) due to shorter time from the beginning. 
Generally, Li4Ti5O12 is regarded as the zero-strain insertion material, because of the 
negligible lattice volume change by the lithium insertion. In spite of this, the present results suggest 
that substantial structural changes occur at the surface during the first lithium insertion process. In 
layered compounds as graphite, it is reported that remarkable structural changes occur at the step 
edges during the lithium insertion process (Inaba et al., 1999, 99). However, the present 
morphology changes are observed in whole places as steps and terraces on the surface. This is 
because the spinel structure of Li4Ti5O12 has three dimensional lithium diffusion passes, differently 
from layered compounds (Takai et al., 1999, 165). 
From these results, it can be said that irreversible changes in the surface structure occur in 
the first lithium insertion and extraction cycle, and the structural change mainly started at the very 
initial process of first lithium insertion. These results are also summarized in Fig. 3.1-5(b). 
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Fig. 3.1-5 (a) AFM images acquired from the points shown in Fig. 4.1-3. A scale bar in all the 
image is described at 100 nm. (b) Summary of the surface roughness increasing via the first cycle.  
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We investigated the change in the charge transfer resistance at electrolyte / electrode 
interfaces before and after the first cycle, via AC-impedance measurement of the Li | electrolyte | 
Li4Ti5O12 cell. The impedance spectra were acquired by a constant voltage of 1.6V, slightly higher 
than the lithium insertion potential of Li4Ti5O12, to prevent the surface morphology change before 
the first cycle. Results are shown as Cole-Cole plot in Fig. 3.1-6. The size of a semi-circle was 
decreased into a half after the first cycle, indicating that the charge transfer resistance of electrode / 
electrolyte interfaces was reduced into a half after the first cycle. Here, the interface electric 
resistance measured by the present experiment also contains the resistance at the Li-metal / 
electrolyte interface, and a small semi-circle is observed at high frequency region (near the origin in 
Fig. 3.1-6) only after the cycles, corresponding to the increase in the resistance of Li-metal / 
electrolyte interface (Schweikert et al., 2011, 6234). It was also reported that the interface resistance 
of the Li-metal / electrolyte system is rather increased by the charge-discharge cycle due to the 
formation of passivation films on Li-metal surfaces during the electrochemical reaction. Thus the 
observed decrease in the interface resistance should be mainly caused by the Li4Ti5O12 / electrolyte 
interface. Fig. 3.1-6 also shows the spectrum after the fifth cycle, which is similar to that after the 
first cycle, indicating no remarkable changes in the interface electrochemical properties after the 
second cycle as also seen in Fig. 3.1-4(b).  
We have performed a more detailed analysis on the change in the surface electrochemical 
properties during the first lithium insertion process that would cause the potential fluctuation in the 
early stage of the lithium insertion in Fig. 3.1-4(b). Generally, the cell voltage (V) observed in 
constant current (I) experiment was expressed as follow, 
V = E – Ir 
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where E is the OCV potential of this electrochemical system and r is the cell internal resistance. 
The potential change from the minimum point (B in Fig. 3.1-4(b)) to the restored point (D in Fig. 
3.1-4(b)) should correspond to the decrease in r from the point (B) to the point (D). 
 In order to examine this, we obtained the voltage profile of as-prepared samples as that 
for the first cycle in Fig. 3.1-7(a) under a different current density of 60 mA g-1, 100 mA g-1 and 
200 mA g-1, and examined the internal resistance values at the potential minimum points (marked in 
○ as X) and restored points (marked in ◇ as Y) in each profile by conventional I-V plot (Yao et al., 
2007, A709). The result is shown in Fig. 3.1-7(b), where the slope of each line corresponds to the 
magnitude of the internal resistance at each state. It can be said that the resistance of the samples at 
the restored point (line Y) is decreased than that at the potential minimum point (line X) by about 
35 %. This suggests that the potential fluctuation in the early stage of the lithium insertion reaction 
really means the progress of the reduction in the internal resistance.  
Of course, the measured resistance contains the contribution from the bulk region in addition 
to the surface region. The bulk region is basically common in each cycle, and the potential 
fluctuation is observed only in the first cycle. Thus the resistance reduction should mean the 
reduction in the surface (interface) resistance, in accordance with the progress of the surface 
structural change from the point (B) to the point (D) shown in Fig. 3.1-5. This is consistent with the 
results of the impedance measurement. 
The present surface structural change observed in the early stage of the first lithium insertion 
process should be promoted by the electrochemical reason. Atomically flat crystal surfaces should 
have high internal resistance, due to the lack of reaction sites. The reduction in the resistance may 
be explained by the increase in the specific surface area of the sample due to the increased 
roughness as shown in Fig. 3.1-5. From the AFM images, the surface area of the as-prepared sample 
is estimated to be 6.31×104 nm2 for 250×250 nm2 range, and that of the sample after the first cycle 
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to be 6.91×104 nm2 for the same scale range. Here the surface area was calculated by summing the 
areas of elemental triangles made from three adjacent points in the three-dimensional coordinates in 
topographical AFM data for some specified region. The increase in the surface area is only about 
10%, because the increased roughness is only ~ nm scale. This cannot explain the decrease of one 
half in the interface resistance observed by the impedance measurement after the first charge-
discharge cycle. Thus it is necessary to analyze further detailed changes in the crystal structure, 
chemical composition, and electronic structure at the surface. Of course, there may exist atomistic 
reconstruction or compositional changes other than the observed morphology changes by AFM. In 
any case, the present observation of the initial potential fluctuation, the surface structural change, 
and the reduction in the charge transfer resistance has clarified the importance of the initial lithium 
insertion process for the electrochemical performance of Li4Ti5O12. 
 
 
 
 
Fig. 3.1-6 AC-impedance spectra of a Li / Li4Ti5O12 cell before the first cycle and after the first and 
fifth cycles. 
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Fig. 3.1-7 (a) Potential profile of the different current density experiments. Potential minimum 
points and restored points in each profiles are marked in ○ as X and ◇ as Y, respectively. (b) 
Typical I-V profiles constructed with each points in (a). 
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 To investigate detailed structural changes at the Li4Ti5O12 surface, we performed high-
resolution TEM observations of the sample surface before and after the first lithium insertion-
extraction cycle as shown in Fig. 3.1-8. For the sample surface before the first cycle (Fig. 3.1-8(a)), 
we can see only the lattice fringes of the spinel structure, indicating that the sample has a pure 
Li4Ti5O12 surface without the formation of any products or defected layers. On the other hand, there 
exists a relatively thick surface layer with amorphous-like contrasts after the first charge-discharge 
cycle (Fig. 3.1-8(b)). It is clear that the surface product with rather disordered structures was newly 
formed by the electrochemical lithium insertion and extraction reaction.  
 In the interface region between the bulk and surface product shown in Fig. 3.1-8(c), there are 
some lattice fringes, different from the spinel structure in the bulk side. Here, it is well known that 
Li4Ti5O12 is transformed to Li7Ti5O12 by lithium insertion. However, the structure of Li7Ti5O12 is 
difficult to be distinguished from the spinel structure of Li4Ti5O12 by electron diffraction. Thus it 
seems that the surface product contains some crystal structure different from Li7Ti5O12 or Li4Ti5O12. 
It is interesting that the lattice fringes in the surface product layer are just parallel to the lattice 
fringes of the bulk crystal region in Fig. 3.1-8(c). In addition, the spacing of the lattice fringes in the 
surface product layer is about a half of the spacing in the bulk spinel crystal. The spacing along the 
(111) direction is 0.24 nm, and that along the (100) direction is 0.2 nm, in contrast to the values of 
0.48 nm and 0.4 nm in the bulk spinel crystal.  
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Fig. 3.1-8 TEM micrographs of the sample surfaces before the first charge-discharge cycle (a) and 
after the first cycle (b). The interface region between bulk and surface regions indicated by a square 
in (b) is magnified in (c). (d) and (e) show the Fourier transfer images of the bulk and surface regions, 
respectively. 
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The Fourier transform patterns in Figs. 3.1-8(d) and (e) provide more clear information on 
the crystal structure in the surface product layer. Fig. 3.1-8(d) shows the diffraction pattern of the 
spinel structure with [110] incidence. On the other hand, the Fourier pattern of the crystal in the 
surface product layer in Fig. 3.1-8(e) reveals the bright points corresponding not to {111} but to 
{222} lattice spacing of the spinel structure. In this way, it can be said that a cubic rock-salt 
structure with half-size periodicity is formed in the surface product layer with the epitaxial relation 
to the bulk spinel structure. 
 
 
 
 
Fig. 3.1-9 EELS spectra of Li-K, Ti-L, O-K and F-K edge regions for the crystal region in the surface 
product layer.   
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To examine the chemical composition and electronic structure of the formed crystal in the 
surface product layer, we performed EELS analysis as shown in Fig. 3.1-9. There exist clear peaks 
around 60, 450, and 530 eV, corresponding to Li-K, Ti-L and O-K edges, respectively. There are no 
peaks around 686 eV, corresponding to F-K edge, indicating that the surface crystal is not formed 
by decomposition or reaction of electrolytes, but formed by some electrochemical reaction of 
Li4Ti5O12 itself. It can be said that the formed crystal consists of Li, Ti and O in accordance with the 
EDX spectrum in Figure 2. Thus LiTiO2 (Zhang et al., 2007, 92; Baudrin et al., 2007, 337; Wang et 
al., 2008, 3435) and α-Li2TiO3 (Laumann et al., 2010, 1525; 2011, 2221) are the candidates for the 
formed crystal. These have a cubic rock-salt structure with the lattice parameter of about 4.15 Å, 
which is a half of 8.36 Å for Li4Ti5O12. This is consistent with the TEM observation of the {111} 
and {100} lattice fringes.  
In order to decide which is really formed, we performed further EELS analysis of the 
surface layer compared to reference crystals, Li4Ti5O12, β-Li2TiO3, and Ti2O3 as shown in Fig. 3.1-
10. Here, β-Li2TiO3 has a monoclinic C2/c structure with stable chemical composition (Kataoka et 
al., 2009, 168). For the Li-K edge spectra of Li4Ti5O12, β-Li2TiO3 and the formed crystal in the 
surface layer (Fig. 3.1-10(a)), the peak intensity of the Li-K edge should represent the quantity of 
lithium in each sample, while it is difficult to determine the absolute quantity due to unclear 
thickness and dose amount for each sample. Thus we estimated the ratio of the lithium amount 
relative to the Ti amount, namely the Li / Ti composition ratio, via normalizing spectrum peaks by 
the intensity of Ti-M peak around 47 eV. First, we examined the normalized intensity of the Li-K 
edge peak at 58.5 eV for the reference crystal samples of β-Li2TiO3 and Li4Ti5O12. The ratio of the 
normalized Li-K edge peak intensities of the two crystals is about 2.48, which is rather close to the 
ratio of the ideal Li / Ti composition ratios for the two crystals, namely 2.5 from the formal Li / Ti 
values of 2.0 and 0.8 for β-Li2TiO3 and Li4Ti5O12. Thus the present method to identify the 
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composition ratio between Li and Ti is rather reliable. Then we have made similar comparison 
between the formed crystal in the surface layer and Li4Ti5O12, and between the formed crystal and 
β-Li2TiO3. The ratio of the normalized Li-K edge peaks is about 2.6 and 1.1 for the two cases, 
respectively. This means that the Li / Ti value of the formed crystal should be 2.08 by 2.6 times 0.8, 
or 2.2 by 1.1 times 2.0. From the present argument, it can be said that the Li / Ti value of the 
formed crystal should be close to 2. This supports α-Li2TiO3 as the formed crystal. As for another 
candidate LiTiO2, the Li / Ti composition ratio is formally 1.0, which is too far from the present 
estimation by the normalized Li-K edge peak intensity. 
 The feature of the Ti-L edge spectrum remarkably depends on the valence states of Ti as 
Ti4+ and Ti3+ (Stoyanov et al., 2007, 577; Radtke et al., 2006, 155117). This point should be also 
used to identify the formed crystal in the surface layer. Fig. 3.1-10(b) shows the comparison of the 
Ti-L edge spectra among the formed crystal, Li4Ti5O12, β-Li2TiO3 and Ti2O3. It is clear that the Ti-L 
edge spectra of Ti3+ (Ti2O3) and Ti
4+ (Li4Ti5O12 and β-Li2TiO3) have different features. The 
spectrum of Ti4+ has clearly four peaks, whereas that of Ti3+ has two peaks. The spectrum acquired 
from the formed crystal in the surface layer shows four peaks at the same energy positions as Ti4+ 
(Li4Ti5O12 and β-Li2TiO3), indicating that the main Ti state should be Ti4+ in the formed crystal. 
Here, as for LiTiO2 as another candidate, it was examined that the Ti-L edge spectrum has the 
feature of Ti3+ (Wang et al., 2009, 233116), which is not consistent with the present observed 
spectrum of the formed crystal. In this way, we can conclude that the formed crystal in the surface 
layer is α-Li2TiO3 within the candidates of cubic rock-salt lithium titanate. Of course, we cannot 
conclude that all of the formed crystals, including the disordered regions, in the surface layer are α-
Li2TiO3, but we can say that α-Li2TiO3 crystals are surely formed epitaxially in the surface product 
layer after the first charge-discharge cycle. 
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Fig. 3.1-10. Detailed EELS spectra of Li-K edge (a) and Ti-L edge (b) of the crystal region in the 
surface product layer, compared to the spectra of reference crystal samples, β-Li2TiO3 and Ti2O3. All 
the spectra in (a) are normalized by the intensity of the Ti-M edge peak intensity. 
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About the reason of the epitaxial growth, first, both the rock-salt and spinel structures 
belong to a cubic structure, and second, lattice constants of these two crystals have simple integer 
multiple relationships to each other, which should be beneficial to the epitaxial growth. About the 
formation mechanism of α-Li2TiO3, the lithium insertion reaction in the bulk Li4Ti5O12 is expressed 
as follows: 
Li4Ti5O12 + 3Li
+ + 3e- → Li7Ti5O12 
 
This involves the reduction of 60% of Ti4+ into Ti3+, which was previously detected also at the 
surface (Ouatani et al., 2009, A468). As a possible reaction to form α-Li2TiO3 during the lithium 
insertion process, the following can be considered:  
 
Li4Ti5O12 + 6Li
+ + 6e- + 3/2 O2 → 5Li2TiO3 
 
Here, the presence of neutral oxygen molecules in the electrolyte is essential, and the reduction of 
oxygen molecules at the electrode surface should occur, because of its higher redox potential than 
Ti4+. Then the presence of O2- and Li+ should lead to the formation of Li2TiO3. On the other hand, 
we do not deny the possible formation of α-Li2TiO3 during the lithium extraction process as 
follows: 
Li7Ti5O12 + 3Li2O → 5Li2TiO3 + 3Li+ + 3e- 
 
In this case, the pre-existence of O2- combined with Li+, expressed as Li2O, near the lithiated 
surface is also essential. The formation of O2- from the oxygen molecule in the electrolyte should 
occur in the lithium insertion process as mentioned above. Then Li2TiO3 is formed associated with 
the lithium extraction during the lithium extraction process. At least, the reduction of neutral 
144 
 
oxygen molecules is essential to generate a compound with a higher value of O / Ti ratio as Li2TiO3 
compared to Li4Ti5O12 or Li7Ti5O12. As further possibility, we suggested the reaction of Li7Ti5O12 
and impurity water as follows, 
 
Li7Ti5O12 + 3/2Li2O + 3/2H2O → 5Li2TiO3 + 3/2H2↑ 
 
Of course, at present, we cannot make any definite conclusion on the formation mechanism within 
the present experimental results. 
It is interesting to investigate how the surface product layers containing epitaxial α-Li2TiO3 
crystal affect the electric transport properties at the Li4Ti5O12 / electrolyte interface after the first 
lithium extraction cycle. As mentioned above, the stable cycle process from the second cycle may 
be associated with the lithium-ion transport through the formed layer. This suggests the possibility 
that the formed surface layer may work effectively as a so-called SEI for the electrode performance 
of Li4Ti5O12, although the detailed analysis of this issue is beyond the scope of the present study. In 
any case, the surface product layer seems to contribute to the reduction of the charge-transfer 
resistance as examined by the electrochemical impedance measurement in Fig. 3.1-6. There is a 
possibility that the generated surface layer could contribute to the enhanced lithium-ion diffusion at 
the Li4Ti5O12 / electrolyte interface. Actually, it is known that the distribution of Li and Ti ions on 
cation sites is random occupation in the rock-salt Li2TiO3 structure (Laumann et al., 2010, 1525; 
Fattakhova et al., 2005, 1877), which may lead to the increase of lithium-ion diffusion rate because 
of its site flexibility.  
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3.1.4 Conclusions 
To study the surface reaction of Li4Ti5O12 during Li-insertion / extraction, we applied well-
defined Li4Ti5O12(111) sample to AFM and TEM investigation. Here, surface structural changes of 
the spinel Li4Ti5O12(111) surface, having atomistic flatness originally, during the first lithium 
insertion process and after the first lithium insertion-extraction cycle were observed.  
 
1. The AFM observation revealed that the surface structural changes occur irreversibly in 
the early stage of the first lithium insertion. There is the correlation between the increase in the surface 
roughness and the reduction of the Li4Ti5O12 / electrolyte interface resistance.  
2. In the surface layer produced by the first lithium insertion-extraction cycle, the high-
resolution TEM observation revealed that cubic rock-salt crystal layers are epitaxially formed on the 
Li4Ti5O12 surface with a half-sized lattice constant compared to the bulk Li4Ti5O12. The EELS 
observation clarified that the formed crystal should be α-Li2TiO3.  
3. The formation mechanism of α-Li2TiO3 as one of the surface production would relate to 
both Li-insertion and extraction cycles. Since the increase of O / Ti components, Li2TiO3 phase should 
be generated by the reaction of Li4Ti5O12 (Li7Ti5O12) and oxygen compounds, such as Li2O and H2O.  
4. Because of the stable charge-discharge process after the second cycle, there is a possibility 
that the formed surface layer in the first cycle should be beneficial to stable Li ion transport at the 
Li4Ti5O12 / electrolyte interface, just as SEI for Li4Ti5O12. 
 
 We revealed that the actual condition of surface reaction is surface morphology change 
accompanied with generation of surface Li-Ti-O compounds crystal. However, the detail generation 
mechanism of Li-Ti-O compounds and its role for battery performance were still unclear. These 
problems should be resolved with other characterization using well-defined surface sample. 
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3.2 Study of spinel Li4Ti5O12(111) surface; elucidation of the atomistic 
structure 
 
3.2.1 Introduction 
In previous study, we investigated the Li4Ti5O12(111) surface via the battery reaction, and 
revealed its morphology changes at the initial process of first lithium insertion, and found the cubic 
LiTi2O3 phase as a surface product. These results provided the knowledge of the surface and Li4Ti5O12 
/ electrolyte interface under the battery reaction. However, the atomic scale structure of the 
Li4Ti5O12(111) surface is not yet clear.  
Generally, the investigation of atomistic surface structures of electrode materials are essential 
to understand the mechanisms of electrochemical processes and various phenomena at solid / 
electrolyte interfaces (Hirayama et al., 2011, 2882; Xu et al., 2010, 11538; Hirayama et al., 2010, 
15268; Amatucci et al., 1999, 255) Especially in the Li4Ti5O12 surface, the knowledge of atomic scale 
structure is significantly important to discuss the gas-generation which is seriously affecting the 
performance and safety of practical LIBs with high-power application (Belharouak et al., 2012, 
A1165; Wu et al., 2012, 989; 2013, 285). 
There have been investigated some mechanism of gas generation of Li4Ti5O12 based negative 
electrode. The chemical decomposed reaction of the organic molecules in electrolyte at the surface 
was explained as one of the cause of gas generation (Wu et al., 2013, 285; He et al., 2012, 913) as 
shown in Fig. 3.2-1(a). Other study explained the mechanism of gas generation as decomposition or 
elimination of the gas molecule that was adsorbed to the Li4Ti5O12 surface in air under the battery 
reaction. Indeed, the Li4Ti5O12 surface easily absorbed H2O and CO2 gas molecules in air (Gao et al., 
2014, 684; Snyder et al., 2007, 9336), and they produce contamination such as Li2CO3 which would 
provoke the CO2 gas generation by reacting with electrolyte in the stored cell without electrochemical 
151 
 
conditions as shown in Fig 3.2-1(b). (Sloop et al., 2003, 330; He et al., 2012, 913). Of course, the 
absorbed molecules decomposed to H2, CO and other hydrocarbons during the charge-discharge 
reaction, and they released from the Li4Ti5O12 surface to electrolyte. (Belharouak et al., 2012, A1165; 
Wu et al., 2012, 989; 2013, 285; He et al., 2012, 913) 
In any case, the detail mechanism of gas generation is not yet revealed so far. However, the 
specific instability or reactivity of Li4Ti5O12 surface in the electrolyte or in air is the common matter 
of these studies, and we should explain the instability of the surface and suggest the way to stabilize 
it. Of course, they could only attain from the discussion of the chemical or electronic structure of the 
surface based on the atomistic structure.  
To address above, here we investigate the atomic scale structure of a Li4Ti5O12(111) surface 
by using high-resolution scanning tunneling microscopy (STM). We also apply medium energy ion 
scattering (MEIS) analysis, which can provide complementary information on the elemental depth 
profile in the surface and sub-surface layers. Atomic models from the experimental results are 
discussed from the viewpoints of surface stoichiometry and charge-neutrality. 
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Fig. 3.2-1 Typical models of the gas generation mechanism in the Li4Ti5O12 surface. (a) The organic 
molecules in the electrolyte interact with the surface by electron donative reaction, leading to the CO2 
generation by oxidative decomposition. (b) The gas molecules in the atmosphere (H2O, CO2) interact 
with Li4Ti5O12 surface and adsorb to there as the surface contamination. Then the molecules are 
released under the battery reaction, leading to the gas generation of H2, CO, or other reduction 
chemical species. 
 
 
 
 
 
 
 
Li4Ti5O12
Electrolyte
Li4Ti5O12
CO2 CO2
O O
Ö
OO
Ö
Li4Ti5O12
Air
Li4Ti5O12
CO2, CO
H2
CO2 H2O
e- e-
Electrolyte Electrolyte
(a) (b)
153 
 
3.2.2 Experimental 
A Li4Ti5O12 wafer sample was prepared by Li-VIG method as presented (§2.2). The crystal 
structure of the grown film was evaluated by a Mo-Kα X-ray diffractometer (X'Pert PRO, 
PANalytical) with out-of-plane measurement. AFM (NanoNavi-Ⅱ, SII.) measurement was 
performed by dynamic force mode in air at 1000 nm2 area. High-resolution STM (JSTM-4500TX, 
JEOL) observation was performed under ultra-high vacuum (UHV, ~ 10-7 Pa) at room temperature. 
Before the STM observation, the sample was heated by silicone heat board at 1073 K for 1 hour and 
1123 K for 15 min under the UHV to prepare the clean surface. STM images were acquired at + 0.3 
~ + 1.7 V of sample bias and 0.3 ~ 0.9 nA of tunneling current. High-resolution MEIS experiment 
was performed mainly at Beam-Line 8 named SORIS constructed at Ritsumeikan SR Center, 
consisting of photoelectron spectroscopy (PES), high-resolution MEIS and sample preparation 
systems. The 80 keV of He+ ion beam was irradiated on the sample surface by 45 deg, and the 
scattered angle was fixed at 45 deg for measurement. 
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3.2.3 Results and discussion 
Here we explain the (111) atomic-layer stacking in a spinel Li4Ti5O12 crystal (Fd-3m, a = 
0.8352 nm, Kataoka et al., 2009, 631) before reporting experimental results. Fig. 3.2-2(a) shows four 
kinds of (111) atomic layers. Li atoms at the 8a sites of Wyckoff positions form the Li layer, and O 
atoms at the 32e sites form the O (32e) layer. The 16d-1 and 16d-2 layers consist of Li and Ti atoms 
with the ratio of 1 : 5 at the 16d sites. In the (111) stacking sequence, total six layers as two Li (8a), 
two O (32e), one 16d-1 and one 16d-2 layers, constitute one period. From the crystallographic data 
of the bulk Li4Ti5O12, it can be said that only the Li (8a) layers are repeated with the two kinds of 
intervals as about 0.12 nm and 0.36 nm.  
As shown in Fig. 3.2-2(b), the in-plane atomic density is equal for the Li (8a) and Li1/6Ti5/6 
(16d-1) layers, while it is three-times larger in the Li1/6Ti5/6 (16d-2) layer and four-times larger in the 
O (32e) layer per (1×1) box as described in Fig. 3.2-2(b). The Li (8a) and Li1/6Ti5/6 (16d-1) layers 
should have hexagonal atomic arrangements with the interatomic distance of about 0.59 nm, while 
the minimum interatomic distance in the Li1/6Ti5/6 (16d-2) layer is about 0.3 nm. Note that the 
distinction between Ti and Li atoms on the 16d-1 and 16d-2 layers is not definite essentially. In Fig. 
3.2-2(b), a formal ionic charge of each (111) atomic layer per (1×1) hexagonal period is also denoted. 
This is obtained by the sum of charges of each species as +1e (Li), +4e (Ti) and -2e (O) on each layer. 
It can be said that each oxygen layer with -8e (for four oxygen atoms per 1×1 period) receives -5.25e 
from the lower Li1/6Ti5/6 (16d-2) layer, and -2.75e from the upper Li (8a) and Li1/6Ti5/6 (16d-1) layers. 
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Fig. 3.2-2 (a) Out-of-plane structure of (111)-layer stacking in Li4Ti5O12 viewed from the [110] 
direction. The formal ionic charge per atomic site were also denoted. (b) In-plane atomic 
arrangements of four kinds of (111) layers shown in (a). Formal ionic charges of each atomic layer 
per (1×1) period are denoted. Values of intervals between the Li layers and interatomic distances in 
the hexagonal atomic arrangements are estimated from the Li4Ti5O12 crystal structure with the 
experimental lattice constant of a = 0.8352 nm (Kataoka et al., 2009, 631). 
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In Fig. 3.2-3(a), the out-of-plane X-ray (Mo-Kα) diffraction spectrum of the prepared film 
reveals strong and sharp diffraction lines of the Li4Ti5O12(111) series, indicating that the prepared 
film is a highly-oriented (111) crystalline film. Fig. 3.2-3(b) shows the AFM image of the prepared 
(111) film surface. We can see clear steps with a single height of 0.48 nm, and atomically-flat terraces 
with Ra = 0.02 nm of surface roughness. This step height corresponds to one period of the sequence 
of (111) atomic layers in Fig. 3.2-2(a).  
 
 
 
 
 
Fig. 3.2-3 (a) Out-of-plane X-ray diffraction spectrum of the prepared Li4Ti5O12 film. (b) AFM image 
of the prepared Li4Ti5O12(111) surface acquired from 1000 nm ×1000 nm scan area. 
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Fig. 3.2-4(a) shows the STM image of the Li4Ti5O12(111) surface acquired from 50 × 50 nm 
area, where we can see clear steps and terraces with some atomistic defects. They suggested that this 
image is not the periodic one of some artifact, but is the true image of atomic scale resolution. Fig. 
3.2-4(b) shows the surface height profile of X-Y line across the two steps in Fig. 3.2-4(a). The heights 
of the two steps are 0.35 nm and 0.13 nm. This indicates the presence of two kinds of different (111) 
terraces, as the type (1) and type (2) surfaces shown in Fig. 3.2-4(a), in contrast to the AFM results 
of the single step height of 0.48 nm indicating only one type of (111) terrace.  
Fig. 3.2-5 shows the high-resolution STM image acquired from the square area in the type (1) 
terrace in Fig. 3.2-4(a). We can see a hexagonal arrangement of bright spots with the intervals of 
about 0.6 nm, while there also seem to exist some defects. A similar hexagonal arrangement of spots 
with similar intervals is also observed on the type (2) terrace in Fig. 3.2-4(a). 
The observed hexagonal arrangement of bright spots on each terrace indicates that the top 
layers of the two kinds of terraces should be 8a (Li) or 16d-1 (Li1/6Ti5/6) layers shown in Fig. 3.2-2(b), 
having a similar hexagonal atomic arrangement with the interatomic distance of about 0.6 nm. From 
the step heights, we can say that both kinds of terraces are Li-terminated surfaces. The upper terrace 
shown as type (1) in Fig. 3.2-4(a) should consist of the 8a (Li) layer stacked on the 32e (O) layer, and 
the middle terrace shown as type (2) should consist of the 8a (Li) layer stacked on the 16d-1 (Li1/6Ti5/6) 
layer. Only this combination can satisfy the relation between the observed step heights (0.13 nm and 
0.34 nm) and the intervals between the atomic layers in Fig. 3.2-2(a) within the models of the (111) 
atomic-layer sequence similar to the bulk.   
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Fig. 3.2-4 (a) Atomic scale image of the Li4Ti5O12(111) surface acquired from 50 nm × 50 nm scale 
by UHV-STM (JEOL-4500TX). (b) Surface height profile of X-Y line shown in (a). 
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Fig. 3.2-5 Magnified (5 nm × 5 nm scan) STM image of the Li4Ti5O12(111) surface acquired from 
the type (1) terrace shown in Fig. 3.2-4(a). The bright spots construct the hexagonal periodicity with 
0.6 nm of least distance. The (1×1) unit of in-plane atomic periodicity that is shown in Fig. 3.2-2(b) 
is also presented by black solid line. 
 
 
 
The STM image of type (1) surface and sample bias levels seems to be related as shown in 
Fig. 3.2-6. In the experiments, the sample bias was altered from + 0.3 V to + 1.5 V without changing 
other conditions. Well-ordered atomic scale contrast was well-confirmed in image acquired at + 1.5 
V of sample bias, in contrast, they were barely confirmed at + 0.3 V of bias condition, and more high-
bias condition provided more clear atomistic contrast. It suggested that the tunneling current should 
be modulated by the surface atoms which has empty state at high energy level.  
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Fig. 3.2-6 Bias dependence property of the STM image of type (1) surface. Only the sample bias was 
altered in this experiment. An inversed FFT image of the atomic contrast was presented in the inset 
of each figure.  
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It is apparent that the two kinds of Li-terminated surfaces have different chemical 
compositions (stoichiometry) in the surface region. As analyzed later, the type (1) surface which is 
Li8a–O32e sequence structure is oxygen-rich, and the type (2) surface which is Li8a–(Ti, Li)16d-1 
sequence structure is oxygen-deficient. Thus it is natural that the two kinds of Li-terminated surfaces 
have different stability depending on the atmosphere.  
In order to prove the present atomic models of the two kinds of (111) terraces, we have 
performed a high-resolution MEIS observation. This technique can identify a target atomic mass M 
with a resolution of ΔM / M ~ 1 / 100, and provide valuable information on the atomic species and 
their arrangement in the surface and sub-surface layers. The details of MEIS analysis were described 
elsewhere (Ikeda et al., 1996, 34; Kido et al., 1990, 187). The sample was prepared by the same way 
as that for the STM observation and annealed at 923 K for 1 hour in UHV, resulting in complete 
elimination of carbon contaminations, which was confirmed by Auger electron spectroscopy.  
The atomic scale models of two kinds of (111) terraces structure for MEIS simulation are 
shown in Fig. 3.2-7(a), where the type (1) surface and type (2) surface are indicated by the plate of 
light blue and red, respectively. The step heights of type (1) - type (2) and type (2) - type (1) are 0.36 
and 0.12 nm that indicated from (111) plane distance of Fig. 3.2-2(a), and they are well corresponding 
into the step heights of STM imaging shown in Fig. 3.2-4(b). Fig. 3.2-7(b) shows the MEIS spectrum 
(circles) observed for 80 keV He+ ions incident on the clean (111) surface. The vertical arrow in the 
Fig. 3.2-7(b) indicates the energy position of He+ ions scattered from Ti atoms on top of the surface. 
The slightly lower energy shift of the leading edge (mid energy position of the slope) suggests the 
presence of a few over-layers consisting of low Z-number atoms above the Ti atoms. In other words, 
there are no Ti atoms on top of any terraces of the (111) surface. The blue and red solid lines in Fig. 
3.2-7(b) show the simulated spectra assuming the type (1) and type (2) surfaces, respectively. The 
small surface peak appearing at 67.5 keV in the red line comes from the 16d-1 (Li1/6Ti5/6) layer below 
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the 8a (Li) layer in the type (2) surface. In contrast, for the type (1) surface, the presence of two over-
layers, the 8a (Li) and 32e (O) layers, smears out such a surface peak from the 16d-2 (Li1/6Ti5/6) layer, 
because of increased energy-loss and straggling for He+ ions subjected during passing through the 
over-layers. Note that the energy-loss and straggling are caused by the interactions between He+ ions 
and target electrons, and thus lower Z-number materials give lower energy-loss and straggling. It is 
clear that the type (1) surface structure gives the best-fit to the observed MEIS spectrum. However, 
the MEIS results do not necessarily rule out the possibility of the coexistence of the type (2) surface 
as the minority portion of terraces. In Fig. 3.2-7(b), the green line shows the simulated spectrum for 
the 1:1 mixture of the type (1) and type (2) surfaces, where the effect of the type (2) surface is 
observed as a small shoulder. Also in the experimental spectrum, there seems to exist a very small 
shoulder, while it might be caused by some kind of errors or fluctuations. We have also performed 
simulations for smaller portions of the type (2) surface less than 50%, which indicates no clear effects 
in the simulated spectra from the coexistence of the type (2) surface less than ~20 %. Thus the MEIS 
results cannot exclude the possibility of the coexistence of the type (2) surface less than 20% for the 
sample analyzed by MEIS.  
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Fig. 3.2-7 (a) atomistic structure models of two types of Li-terminated Li4Ti5O12(111) surfaces. (b) 
MEIS spectrum (circles) observed for 80 keV He+ ions irradiated on the Li4Ti5O12(111) surface at 
45° with respect to surface normal and scattered to 45° from Ti atoms. Blue, red and green curves are 
simulated MEIS spectra assuming type (1), type (2) and their 1 : 1 mixed surfaces, respectively.  
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The present MEIS result indicating that the type (1) surface is a large majority in the sample 
surface is consistent with the fact that the area of the type (1) surface as the upper terrace is much 
wider than the area of the type (2) surface as the middle terrace in the STM image of Fig. 3.2-4(a), 
and the fact that occasionally only one type of (111) terrace, maybe the type (1), with the single step 
height of 0.48 nm is observed in the STM image. Note that the high-temperature treatment in UHV 
for the MEIS sample is similar to the STM sample. 
The present models of two kinds of Li-terminated surfaces have the sequence of (111) atomic-
layer stacking similar to the bulk. Of course, we do not deny general possibilities of further 
reconstruction in in-plane or stacking structures at the surface. The present experimental results of 
step heights, periodic bright spots in STM images, and MEIS naturally lead to the present models, 
and we did not obtain any results indicating further reconstruction.  
About the cation termination in stable oxide surfaces in usual atmosphere, note that there exist 
a lot of examples similar to the present type (2) structure, such as spinel Co3O4(111) (Heinz et al., 
2013, 173001; Meyer et al., 2008, 265011; Xu et al., 2009, 653), Fe3O4(111) (Ritter et al., 1999, 81; 
Ahdjoudj et al., 1999, 133; Grillo et al., 2008, 075407; Weiss et al., 1993, 1841), LiMn2O4 (Karim et 
al., 2013, 075322; Benedek et al., 2011, 195439) and corundum Al2O3(0001) (Ahn et al., 1997, 121; 
Wang et al., 2000, 3650; Verdozzi et al., 1999, 799) surfaces, where the cation topmost layer is 
stacked above the surface oxygen layer with the atomic-layer stacking sequence similar to the bulk. 
As for the Li-Ti-O compounds, recent study of the Li2TiO3(001) surface has also concluded the cation 
(Li+) termination from the results of STM observation and classical molecular-dynamics simulation 
(Azuma et al., 2013, 5126). Similarly, we think that unoccupied orbitals at surface cations (Li+) on 
the type (1) surface should be concerned with bright spots in the STM image. 
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         As mentioned above, the type (1) and type (2) surface structures have different surface 
stoichiometry. In the type (1) surface of Li8a–O32e–(Li, Ti)16d–2 sequence structure, 4 oxygen atoms 
are provided 6.25 electrons (1e by top Li8a layer and 5.25e by the half of bulk (Li, Ti)16d-2 layer) from 
cation species per (1×1) period, leads to the 1.75 electron deficiency by classical oxygen anionicity 
(O2-), meaning oxygen rich surface stoichiometry. On the other hands, in the type (2) surface of Li8a–
(Li, Ti)16d–1–Li8a–O32e sequence structure, total 5.5e electrons from cation species above O layer and 
5.25e electrons from cation species below the O layer (by the half of (Li, Ti)16d-2 layer) are provided 
for 4 oxygen atoms per (1×1) period, which leads to the 2.75 electron rich of classical oxygen 
anionicity (O2-), meaning cation rich surface stoichiometry. 
The relative stability between the type (1) and type (2) Li4Ti5O12 surfaces should depend on 
the atmosphere. It is considered that the type (1) (oxygen-rich) surface is more stable than the type 
(2) surface in oxygen-rich atmosphere. The partial occurrence of the type (2) surface in the STM 
sample should be caused by the high-temperature treatment in UHV, namely by the oxygen-poor 
atmosphere (low oxygen chemical potential), which should stabilize the type (2) (oxygen-deficient) 
surface relatively. In other words, in the ambient atmosphere, the type (2) surface may disappear, 
which is consistent with only one type of (111) terrace in the AFM sample. Of course, we cannot 
conclude the presence of the type (1) surface in the AFM sample without detailed examination, while 
the surface structure of the AFM sample should have some relation with the type (1) surface structure. 
However, the MEIS results indicate the relative stability of the type (1) surface even in the 
oxygen-poor atmosphere. In any case, the relative stability of the type (1) surface in a wide range of 
oxygen chemical potentials, and the possible partial stabilization of the type (2) surface after the high-
temperature treatment in UHV are consistent with the theoretical and experimental studies of Fe3O4 
and Co3O4(111) surfaces.  
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There exists a problem of excess and deficiency of electrons in off-stoichiometric oxide 
surfaces on the other hand. If we assume simple surface band structure with the valence band mainly 
consisting of oxygen 2p orbitals and the conduction band consisting of cation valence orbitals, the 
type (2) surface should have 2.75 excess electrons in the conduction band, leaving the surface cation 
atoms partially metallic (reduced), while the type (1) surface should have 1.75 holes at the valence-
band top consisting of surface oxygen orbitals per (1×1) units. 
We think that the minority portion of the (111) terraces with the type (2) structure is possibly 
metallic due to excess electrons so as to attain local charge neutrality. About the presence of holes in 
the valence band for the majority portion of the (111) terraces with the type (1) structure, however, 
we cannot make definitive conclusion. This is because, there are rare examples of oxygen-rich polar 
surfaces in usual oxides (Wang et al., 2000, 3650; Kowalski et al., 2009, 115410), except for some 
transition metal oxides such as Fe3O4 and Co3O4 where the simple views of charge transfer or excess 
holes do not seem to be applicable, due to complex nature of oxygen-metal p-d hybridization and d 
electrons. Thus for the stabilization of the present type (1) surface structure in real Li4Ti5O12 samples, 
there may exist some additional effects so as to remove holes, such as adsorption of hydrogen, water 
or any other molecules (Joseph et al., 1999, 195; 2000, 3224; Cutting et al., 2008, 1155; Grillo et al., 
2008, 075407; Tao et al., 2009, 506; 2009, 129; Kowalski et al., 2009, 115410), or increasing the Ti 
contents in the 16d-2 layer just below the surface oxygen layer as a cationic reconstruction, suggested 
in some metal oxides surface (Karim et al., 2013, 075322; Heinz et al., 2013, 173001) to provide 
larger numbers of valence electrons. In any case, present type (1) surface may provide additional 
physical or chemical effect in air or other condition, and it is significantly important to investigate 
the more detail properties of type (1) surface by the electronic structure. 
 The oxygen-rich Li4Ti5O12(111) surface structure may also play an important role in the 
surface chemical reactivity. The presence of holes in the surface oxygen band should have remarkable 
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effects on the oxidation of organic molecules in liquid electrolytes in contact with the surface. It is 
reported that CO2 gasses are generated from organic liquid electrolytes by reaction with Li4Ti5O12 
surfaces without applying the electric power (He et al., 2012, 913). This may be related by the redox 
interaction between holes and organic molecules. Of course, applying the electric power may also 
affect the formation or removal of such holes at the oxygen-rich surfaces. In any case, the present 
knowledge should contribute to the investigation of atomistic mechanisms of various phenomena at 
the Li4Ti5O12 / electrolyte interfaces. 
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3.2.4 Conclusions 
Revealing of the atomistic structure of Li4Ti5O12 surface is significantly important to discuss 
not only the charge-discharge reaction but also the gas generation which is a specific problem of 
Li4Ti5O12 based electrode for the high-power batteries. Here, we applied Li4Ti5O12 sample with well-
defined surface to surface science approach, investigated the atomistic structure of a Li4Ti5O12(111) 
surface by STM and MEIS analyses.  
 
1. In the STM, there are two kinds of (111) terraces with apparent hexagonal atomic 
arrangements with the interatomic distance of 0.6 nm, bounded by steps with two different heights. 
We can propose that the major portion of the terraces is an oxygen-rich surface, consisting of the 
sequence as Li8a–O32e–(Li, Ti)16d–2, and that the minor portion of the terraces is a cation-rich surface, 
consisting of the sequence as Li8a–(Li, Ti)16d–1–Li8a–O32e.  
2. The present view was clearly supported by the MEIS analysis to provide reliable 
information on the Ti-atom distribution in the surface and subsurface layers, and well corresponding 
into presented (111) surface models of other spinel oxides.  
 
We suggested the atomistic surface structure as Li8a top-layer on O32e subsurface layer, it 
well-corresponding into the surface models of various spinel oxide materials. As oxygen-rich 
stoichiometry, it should have electronic holes, which is a possible origin of the CO2-gas generation 
via redox interaction with electrolyte molecules. Other physical or chemical properties such as 
structural stability, electronic state, chemical reactivity, molecular adsorption mechanism will have to 
discuss by theoretical calculation of present surface model in the near future. 
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Interface science of the electrode material 
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4.1 Electron energy-loss characterization of Li7Ti5O12 phase 
 
4.1.1 Introduction 
The charge-discharge reaction mechanism of Li4Ti5O12 via the two-phase coexistence state 
has been investigated by X-ray diffraction (Scharner et al., 1999, 857; Ronci et al., 2002, 3082) 
coupled with the maximum entropy method (Kataoka et al., 2009, 631), neutron diffraction (Colin 
et al., 2010, 804; Aldon et al., 2004, 5721; Ge et al., 2009, 6324), and NMR (Aldon et al., 2004, 
5721). However, the coexistence morphology of these two phases, namely Li4Ti5O12 and Li7Ti5O12 
phases, is not yet clear, since the difficult of acquiring the high spatial resolution image by these 
spectroscopic studies, and the real space imaging is significantly important in order to understand 
the nature of two-phase behavior, and detailed process of reaction during the two-phase state, 
leading to the improvement of the basic properties of electrodes. Therefore, we should tackle 
interface science study of Li4Ti5O12 electrode material, mainly should understand the morphology 
or structure of Li4Ti5O12 / Li7Ti5O12 interface. 
It is desirable to obtain real space images of the two-phase distribution. However, even in 
the TEM, detecting the Li7Ti5O12 phase inside the Li4Ti5O12 particle by electron diffraction is not so 
easy, because these phases provide almost same diffraction patterns due to negligible volume 
change via the Li insertion-extraction. Therefore, we adopt the scanning transmission electron 
microscopy with electron energy-loss spectroscopy (STEM-EELS) (Batson 1995, 63; Colliex 2007, 
622; Maigné et al., 2009, 99). The STEM-EELS study using the latest equipment is promising to 
acquire the image of distribution of chemical composition, oxidation state and electronic structure 
with high energy resolutions (as shown in Fig. 4.1-1). Recently, the STEM-EELS spectrum imaging 
has been frequently applied to the visualization of real space distribution of local chemical or 
electronic states in various electrode materials (Laffont et al., 2006, 5520; Taguchi et al., 2013, 
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A2293; Akita et al., 2014; 39). However, there are no applications to the two-phase distribution in 
Li4Ti5O12. This should be caused by the lack of detailed characterization of Li7Ti5O12 generated in 
Li4Ti5O12 particles. We should investigate the morphology and detailed structure of the two-phase 
interface with directly imaging.  
For this purpose, in this section, we perform detailed EELS analysis of electrochemical Li-
inserted Li4Ti5O12 samples so as to examine whether Li7Ti5O12 phases are really characterized or 
not. We show that the EELS analysis can identify the presence of the Li7Ti5O12 phase for the first 
time. The detail discussion of the features of Li-K, Ti-L and O-K ELNES recorded by high energy 
resolution with Wien-filter monochromatic electron beam (Batson 1999, 33; Mook et al., 1999, 109) 
provides useful information of Li7Ti5O12 phase based on the chemical and physical interpretation of 
it. 
 
 
 
Fig. 4.1-1 Comparison of the energy resolution of EELS acquired by monochromatic filtered or 
unfiltered electron beam. (a) ZLP and (b) Ti-L ELNES of rutile-TiO2 thin specimen. These spectra 
were acquired at 200 kV with filtered TEM (TITAN3TM G2, FEI) and unfiltered TEM (JEM-3000F, 
JEOL). Fine-structure of Ti-L core-loss spectra were well presenting at filtered EELS. 
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4.1.2 Experimental 
Electrochemical lithium-ion insertion experiments were carried out for commercial 
Li4Ti5O12 powder (LT-106, Ishihara Sangyo) with metallic lithium as a counter electrode. Li4Ti5O12 
powder, consisting of secondary particles with about ~ 6.9 μm of diameter and 10.9 m2 / g of BET, 
was mounted on a 10 mm Cu-mesh current collector and compressed into a thin sheet as the 
positive electrode without any conductive carbon or PTFE binder. The cells were assembled and 
sealed in a dry air filled box with lithium foil as the anode and 1 M LiPF6 dissolved in EC / DMC 
(1:1 by volume) as the electrolyte. A galvanostatic Li-insertion experiment (electrochemical charge 
of Li4Ti5O12) was performed at 50 mA g
-1 (0.3 C rate) of current density for 3 cycles. After the 
electrochemical charge experiment, the cell was dismantled in a dry air filled box and the sample 
was rinsed by DMC solution to wash out the electrolyte and other impurities. Then the powder 
samples were dispersed in DMC solutions and then deposited on 3 mm copper grids coated with a 
holey amorphous carbon film as a sample for the TEM analysis.  
The prepared sample was then observed in an analytical TEM (TITAN3TM G2 60-300, FEI) 
operating at 200 kV with a Wien-filter monochrometer and equipped with an improved high tension 
tank and a high resolution GIF (Quantum, GATAN). The EELS measurement was performed with 
the microscope in the STEM mode at a total energy resolution of 0.25 eV determined by the full-
width at half-maximum of the zero-loss peak (ZLP). The EEL spectra were collected with the 0.05 
eV/channel energy dispersion and an integration time t = 0.01 s per read out for Li-K edge region 
and t = 0.05 s per read out for Ti-L and O-K edge region. Afterward, the collected spectra were 
corrected for dark current. For the calibration of energy scale at Li-K edge region, the zero-loss 
peak was measured simultaneously. For the Ti-L and O-K edge region, the pre peak of the O-K edge 
at 532.5 eV served as fix point for the energy calibration. 
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4.1.3 Results and discussion 
Fig. 4.1-2(a) shows the potential profile of the commercial LT-106, revealing the potential 
plateau around 1.55V, characteristic of the electrochemical Li insertion reaction. When the potential 
reached to cut off range, 1V as the full charge state, the color of sample powder turned black from 
white, indicating the electrochemical reduction from Ti4+ to Ti3+ by Li insertion. Here, this fully-
charged Li4Ti5O12 powder and pristine Li4Ti5O12 powder were defined as Li-LTO and LTO, 
respectively.  
Fig. 4.1-2(b) shows the ADF (annular dark field)-STEM images of the [110] projection of 
LTO and Li-LTO samples. The [110] incident is most suitable for observing atoms in different 
spinel sites directory, because each atomic column corresponds to the alignment of the atoms of the 
same Wyckoff position. The color spheres in Fig. 4.1-2(b) represent atoms in each spinel sites; 
[Li1/6Ti5/6] on octahedral 16d, O on 32e and Li on tetrahedral 8a (octahedral 16c), marked by green, 
red and yellow, respectively, if we assume the Li-LTO sample corresponds to the Li7Ti5O12 phase.  
Here we perform more detailed EELS analyses of the Li-LTO sample, compared to the 
pristine LTO sample in the following. 
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Fig. 4.1-2 (a) Charge-discharge potential profile of the commercial Li4Ti5O12 (LTO) powder 
sample. The extremely flat voltage around 1.55V means that the characteristic two-phase reaction is 
progressing in secondary particles. (b) Typical [110]-projected ADF images of pristine and fully 
charged LTO (Li-LTO) samples. The green, red and yellow color spheres correspond to 16d sites of 
Li and Ti atoms, 32e sites of O atoms, and 8a (16c) sites of Li atoms in Li4Ti5O12 (Li7Ti5O12), 
respectively. 
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The intensity of the Li-K edge should depend on the Li composition of Li-Ti-O systems. 
Fig. 4.1-3(a) shows the Li-K edge spectra for β-Li2TiO3 (Kataoka et al., 2009, 168), Li-LTO, LTO, 
and rutile-TiO2. These spectra were acquired by the integration of spectrum imaging data at the area 
of same relative thickness (t / λ for 0.4-0.6, λ and t means the mean free path of electron and sample 
thickness) and were normalized at zero-loss peak (ZLP) intensity, meaning that the spectra are 
normalized for the total electron dose. The spectra of lithium titanate have a clear peak at the same 
energy position (61.5 eV), identified as the Li-K edge. The intensity of Li-LTO is higher than that 
for LTO, indicating the relation of the volume density of lithium atoms. Here, it is difficult to obtain 
the actual Li density value for the Li-LTO, because the absolute sample thicknesses were not clearly 
known. However, we can estimate relative Li density by comparing the signal intensity in these two 
spectra.  
Fig. 4.1-3(b) shows the Li-K edge spectra of LTO and Li-LTO samples extended from Fig. 
4.1-3(a). These two spectra are nearly overlapped in each other but the intensity is slightly different, 
indicating the different Li density between these two samples. To acquire the intensity ratio between 
these two spectra, we used the linear background correction, differently from usual power-law 
background correction. This is because the Li-K edge slightly overlaps with Ti-M edge and the 
conventional background models are not suitable. The signal intensities of these spectra, I LTO and I 
Li-LTO are defined as blue and red area of Fig. 4.1-3(b) respectively, and the ratio of I Li-LTO / I LTO is 
evaluated as 1.7. Here the electron dose and sample thickness are almost same in acquiring these two 
spectra, so the value of intensity ratio could regard as the Li volume density ratio of LTO and Li-LTO. 
It means Li-LTO sample has 1.7 times larger Li volume density than LTO.  
As mentioned above, the difference of the lattice constant of LTO and Li-LTO is negligible, 
so the Li composition of Li-LTO (LixTi5O12) is assumed as x = 6.8 by this volume density ratio, which 
is 1.7 times large of Li composition of LTO (Li4Ti5O12) (x = 4×1.7). This indicates that the formed 
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Li-LTO sample is almost similar to the end member’s of Li inserted reaction, Li7Ti5O12. 
 
 
 
 
 
Fig. 4.1-3 (a) Li-K edge spectra of various lithium titanates. All the spectra were normalized at 
zero-loss peak (ZLP) intensity and calibrated at its energy position. (b) Li-K edge spectra of LTO 
and Li-LTO extended from figure (a). 
 
 
 
 
 
 
 
 
35 50 65 80
Energy Loss (eV)
In
te
n
s
it
y
 (
a
. 
u
.)
Ti-M
Li-K
TiO2
LTO
Li-LTO
Li2TiO3
(a)
Energy Loss (eV)
In
te
n
s
it
y
 (
a
. 
u
.)
55 60 65 70 75
(b)
ILi-LTO
ILTO
180 
 
 In Li7Ti5O12, 60% of Ti
4+ ions in LTO should be reduced into Ti3+. The oxidation state of Ti 
can be examined sensitively by the Ti-L edge spectrum. Fig. 4.1-4(a) shows the Ti-L edge spectra of 
various titanium oxide samples, respectively. The Ti-L edge spectrum of LTO shows four peaks 
typical of Ti4+, consisting of doublet eg ― t2g splitting of L2 (higher) and L3 (lower) edges (Leapman 
et al., 1982, 614; Mitterbauer et al., 2003, 469; Lippens et al., 2004, 161; Radtke et al., 2006, 
155117). In the spectrum of a pure Ti3+ oxide (Ti2O3), there are also two peaks in each L3 and L2 
edges (Stoyanov et al., 2007, 577). However, the partial occupancy of 3d electrons in Ti3+ greatly 
decreases the lower peak, making it almost a shoulder in each L3 and L2 edges. This is because the 
present spectra represent the excitation to unoccupied 3d states (2p → 3d [eg] is better than 2p → 
3d [t2g] due to the electronic structure of Ti
3+ [t2g]
1[eg]
0). At the same time, we can see the lowering 
of the onset energy, which is typical of species with decreased oxidation states (chemical shifts).  
The feature of the Ti-L edge spectrum of Li-LTO is rather similar to the feature of Ti2O3 
than that of LTO. However, the spectrum of Li-LTO has some differences from that of Ti2O3, such 
as the presence of a shoulder at the energy position 2 and the decrease in the peak height at the 
energy position 3, compared to Ti2O3. These changes in Li-LTO can be understood from the view 
point of the mixture of the two spectra of LTO and Ti2O3. In other words, the Ti-L edge spectrum of 
Li-LTO can be explained as the mixture of Ti3+ and Ti4+, which is consistent with the fact that 
Li7Ti5O12 as the Li-inserted phase contains both Ti
3+ and Ti4+. 
Fig. 4.1-4(b) shows the Ti-L edge spectra of several titanium oxides and Li-LTO, 
containing both Ti3+ and Ti4+, where the spectra of Ti5O9 (40% Ti
3+), Ti4O7 (50% Ti
3+), Ti3O5 (67% 
Ti3+) are quoted from previous reports (Stoyanov et al., 2007, 577). We can see that the energy 
positions of peak tops of L2 and L3 edges marked by allows shift from higher to lower, according to 
the increase (decrease) of the ratio of Ti3+ (Ti4+). The peak top positions of Li-LTO intervene 
between Ti4O7 (50% Ti
3+) and Ti3O5 (67% Ti
3+), which is reasonable if we consider that the ratio of 
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Ti3+ in Li-LTO is about 60% just as the Li7Ti5O12 phase. 
 
 
 
 
Fig. 4.1-4 (a) Ti-L edge spectra of various titanium oxides rutile-TiO2, β-Li2TiO3, LTO, Li-LTO, 
Ti2O3. All the spectra were calibrated by ref (Stoyanov et al., 2007, 577) and normalized at the L3 
edge peak intensity of LTO. (b) Comparison of the chemical shift of the peak-top positions of 
various titanium oxides. These spectra except Li-LTO were quoted from ref (Stoyanov et al., 2007, 
577). 
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We deal with the O-K edge spectrum to provide the information on local coordination 
structure of oxygen atoms, such as configurations and kinds of neighboring cationic species. This is 
because the spectrum is caused by the transition from the O 1s state to the O 2p final states in the 
conduction band, hybridized with valence orbitals of neighboring cationic atoms. During the 
structural change from Li4Ti5O12 to Li7Ti5O12, the spinel frame consisting of Ti and Li atoms on 16d 
sites and O atoms on 32e sites is fixed, while Li atoms on 8a sites are greatly changed. 
Fig. 4.1-5(a) shows the present results of the O-K edge spectra of LTO, Li-LTO and β-
Li2TiO3. In all the spectra, two pronounced peaks 1 and 2 originate from transitions to the 2p states 
hybridized with Ti 3d orbitals, and the splitting is due to eg － t2g splitting of the Ti 3d levels. The 
splitting value (shown as Δ1-2) is slightly different among the three systems; 2.5 eV for Li-LTO 
(Ti3+, Ti4+), and 2.8 eV for LTO and β-Li2TiO3 (Ti4+). This tendency is similar to that observed in ref 
(Stoyanov et al., 2007, 577), where the effects of the changes in valence states and site geometry in 
TixOy phases were observed by Ti-L and O-K edge EEL spectra.  
The peaks 3, 4 and 5 in each spectrum should originate from the mixing of the O 2p 
orbitals with s and p orbitals of Li and Ti atoms (Lippens et al., 2004, 161), and are remarkably 
dependent on the materials, in contrast to the peaks 1 and 2. The features of these peaks for Li-LTO 
are similar to those of β-Li2TiO3, and quite different from those of LTO. The three materials have 
the peak 3 commonly. The peak 4 in Li-LTO and β-Li2TiO3 is so large to form a continuous peak 
with the peak 3, while the peak 4 in LTO is only a shoulder of the peak 5. For LTO, the peak 5 is 
large, while that in Li-LTO and β-Li2TiO3 is negligible. The coordination structures of oxygen 
atoms of Li4Ti5O12, Li7Ti5O12 and β-Li2TiO3 are shown in Fig. 4.1-5(b), where Li7Ti5O12 and β-
Li2TiO3 have octahedral coordination, and only Li4Ti5O12 has tetrahedral coordination. This 
structural difference should cause the difference in the features of the peaks 4 and 5. β-Li2TiO3 has 
the oxidation state of Ti4+ similar to Li4Ti5O12, while the peaks 4 and 5 of β-Li2TiO3 are similar to 
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those of Li-LTO due to the similar oxygen coordination. In addition, there is a tendency that the 
peaks 3 and 4 are higher than or match the peaks 1 and 2 in Li-LTO and β-Li2TiO3, while the peaks 
3, 4 and 5 are not so high compared to the peaks 1 and 2 in LTO. This should be caused by the 
higher densities of Li-O hybridization due to the higher Li-composition ratio in Li-LTO and β-
Li2TiO3, compared to LTO (Li4Ti5O12).  
We proved the present consideration by the first principles calculations of the O-K edge 
spectra of LTO and Li7Ti5O12 (Tanaka et al., 2012, 494004) by using the projector augmented wave 
(PAW) method (Blöchl, 1994, 17953; Kresse et al., 1999, 1758) within the generalized gradient 
approximation (GGA) (Perdew et al., 1996, 3865). After determining the crystal structure, the 
spectrum is obtained by the transition matrix within a dipole approximation for a large supercell 
containing a core hole (Tamura et al., 2012, 205210). The present scheme has good accuracy as the 
FLAPW (full potential augmented plane wave) method (Hébert, 2007, 12), at least for K-edge spectra, 
and requires relatively small computational efforts, which enables us to deal with complex crystal 
structures such as LTO. To deal with realistic atomic configurations of LTO and Li7Ti5O12 where only 
Li-Ti ratios at 16d sites are known, we adopted large supercells (168 atom and 192 atom cells for 
LTO and Li7Ti5O12, respectively) with atomic coordinates decided according to the strategy in ref 
(Ouyang et al., 2007, 1107). Results are shown in Fig. 4.1-6 (and also ref (Tanaka et al., 2012, 
494004)), where the features of the peaks 4 and 5 are completely different between the two phases, 
similarly to the observed spectra in experimental results. The comparison between the theoretical and 
experimental results also suggests that Li-LTO corresponds to Li7Ti5O12. 
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Fig.4.1-5 (a) O-K edge spectra of various titanium oxides. All the spectra were calibrated at O-K pre-
edge peak position at No.2 and normalized at Ti-L3 edge intensity which was recorded simultaneously. 
Structures 3~5 were remarkable not in the Ti-O compounds but in the Li-Ti-O compounds. (b) Crystal 
structures of LTO, Li7Ti5O12 and β-Li2TiO3. Green, red and yellow colored spheres indicate Ti, O and 
Li atoms, respectively. Each polyhedron shows the oxygen coordination structure in each crystal. 
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Fig. 4.1-6 Experiment and calculated O-K edge spectra of Li4Ti5O12 and Li7Ti5O12. Simulated spectra 
were calculated by using the PAW-GGA method (Tanaka et al., 2012, 494004; Tamura et al., 2012, 
205210). Calculated O-K edge spectra were obtained by averaging the spectra of all the oxygen of 
various site. Similar feature of O-K ELNES was also simulated by another calculation 
methods,WIEN2k code using the full-potential linear augmented plane wave (LAPW) method (Wang 
et. al., 2013, 424006).  
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4.1.4 Conclusions 
The direct imaging of two-phase morphology enable to discuss the electrochemical nature 
of electrode material itself. In order to perform these investigation, we have applied the STEM-EELS 
observation into Li-inserted Li4Ti5O12, examined Li-inserted LTO (Li-LTO) and characterized it as 
the Li7Ti5O12 phase.  
 
1. By the Li-K edge peak intensity, the composition of the Li-LTO sample was estimated as 
Li6.8Ti5O12, almost similar to Li7Ti5O12.  
2. About the Ti-L edge feature indicates the mixture of Ti3+ and Ti4+, and the degree of 
chemical shift of the peak-top positions indicates the composition of Ti3+ of nearly 60 %, supporting 
that the Li-LTO sample is Li7Ti5O12. 
3. The O-K edge spectrum reveals the typical feature of octahedral coordination of oxygen, 
similarly to Li7Ti5O12, and quite differently from LTO. In addition, the O-K edge spectra of LTO and 
Li-LTO are well reproduced by the first-principles calculations for Li4Ti5O12 and Li7Ti5O12 crystals, 
suggesting that the Li-LTO phase is Li7Ti5O12.  
 
These specific characterization significantly contribute to prove the existence of Li7Ti5O12 
phase in Li4Ti5O12, leading the direct investigation of two-phase interface structure by STEM-EELS 
spectrum imaging. In following section, we performed two-phase interface investigation with STEM-
EELS at the actual material and model single crystal. 
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4.2 Study of the Li4Ti5O12 / Li7Ti5O12 interface; discussion of the 
reaction mechanism in the actual material 
 
4.2.1 Introduction 
In the above examination, we conclude that the Li7Ti5O12 phase can be identified by EELS. 
Here, we investigate the two-phase distribution morphology during the Li-insertion reaction in the 
actual Li4Ti5O12 powder, by using the information of the EEL spectra of the Li4Ti5O12 and Li7Ti5O12 
phases. 
We deal with the two-phase morphology in commercially used Li4Ti5O12 powder (LT-106, 
Ishihara Sangyo). Fig. 4.2-1(a) shows SEM images of the sample powder, which is made of 
secondary particles, consisting of single crystalline Li4Ti5O12 primary particles of 50~100 nm. 
About the morphology of the two phases in secondary particles, we can expect two types of 
morphologies derived from different reaction mechanisms. The first is the particle-by-particle 
reaction as shown in Fig. 4.2-1(b), where the Li-insertion reaction extends from a primary particle 
to a neighboring primary particle sequentially, leading to clearly separated two-phase distribution. 
In this case, there should be fast reaction diffusion not along the boundary of primary particles but 
in the primarily particles. The second is the uniform particle reaction as shown in Fig. 4.2-1(c), the 
reaction proceeds at each primary particle, leading to well-blended two-phase distribution as similar 
to the previous report (Kim et al., 2013, 1214). In this case, there should be fast reaction diffusion 
along the boundaries between primary particles, compared to the reaction rate inside each primary 
particle. This is in contrast to the particle-by-particle reaction model.  
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Fig. 4.2-1 (a) The micrograph of commercial Li4Ti5O12 powder (LT-106) acquired by FE-SEM (S-
5500, HITACHI) operated at 30 kV. A secondly particle consists of single-crystalline Li4Ti5O12 
primary particles with sizes of about 50 ~ 100 nm. (b), (c) Two types of models of reaction 
mechanism; particle-by-particle reaction (b) and uniform particle reaction (c). Li4Ti5O12 and 
Li7Ti5O12 phases are shown in white and dark blue colors, respectively. 
 
 
It is interesting to reveal which reaction model is more proper, however, discussion based 
on direct imaging have never been reported. Here we examine the two-phase distribution 
morphology in Li4Ti5O12 secondary particles by the STEM-EELS spectrum imaging method so as 
to clarify the reaction mechanism of real Li4Ti5O12 powder samples during the Li-insertion process. 
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4.2.2 Experimental 
The experimental detail was same as the presented in section (§4.1). The spectrum imaging 
data were collected by 10 nm steps with 103×103 pixels image resolution. 
 
 
4.2.3 Results and discussion 
We acquired the spectrum image of the half-charged sample (as shown in Fig. 4.2-1(a)). 
Fig.4.2-2(a) shows the Ti-L and Li-K edge EEL spectrum image of the half-charged sample, 
acquired from a square area shown in inset. The white contrast means the intensity of inelastic 
scattering electrons at 453 eV energy-loss, almost indicating the thickness of the sample. We have 
found the two places, Sp. 1 and Sp. 2, from which the EEL spectra almost correspond to those of the 
Li4Ti5O12 and Li7Ti5O12 phases, respectively, as shown in Fig. 4.2-2(b). The Ti-L edge spectrum at 
Sp.2 shows two peaks, similarly to the Li7Ti5O12 phase with the increase of Ti
3+, while the Ti-L 
edge spectrum at Sp.1 shows clear four peaks as Li4Ti5O12 with only Ti
4+, as discussed in section 
(§4.1) above. The intensity of the Li-K peak at 61.5 eV for Sp. 2 is higher than that for Sp.1, 
consistently with the relation between the two phases. The shapes in the higher energy region in the 
O-K edge spectra also indicate that Sp. 1 and Sp. 2 correspond to the Li4Ti5O12 and Li7Ti5O12 
phases, respectively, as discussed in section (§4.1). Thus we can make the spectrum image of the 
two-phase distribution based on the spectra at Sp. 1 and Sp. 2. 
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Fig. 4.2-2 (a) Spectrum image of a half-charged secondary particle (right side), acquired from a 
square area of large scale image (left side). The data was acquired with 103×103 pixel resolution at 
10 nm pixel steps. (b) Typical EEL spectra of the Li-K, Ti-L and O-K regions, extracted from the 
positions of Sp. 1 and Sp. 2.  
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In order to visualize the two-phase distribution, we have to reconstruct the spectrum 
images with respect to the differences in each Ti-L and Li-K edge region. For the Ti-L edge region, 
we applied the multiple linear least squire fitting (MLLS) scheme (Maigné et al., 2009, 99) to 
obtain the distribution, where the observed spectrum F(ri, ε) at the two dimensional grid point ri in 
the STEM observation is approximated by a linear combination of the two spectra at Sp.1 (f1(ε)) 
and Sp.2 (f2(ε)), representing Li4Ti5O12 and Li7Ti5O12 respectively, as follows,  
 
F(ri, ε) = C1(ri) f1(ε) + C2(ri) f2(ε)           
 
For each two dimensional grid point ri, the coefficients C1(ri) and C2(ri) are determined by the least 
square fitting of the spectra data of the loss energy ε in the Ti-L edge region.  
Fig. 4.2-3(a) shows the spectrum image from the data in the Ti-L edge region. We can 
clearly see the red domains of remarkably high components of Sp. 2, meaning the Li7Ti5O12 phase, 
with the shapes of primary particles, near the edges of the secondary particle. We can also see the 
green domains of remarkable low components of Sp. 2, meaning the high components of Sp.1 as 
Li4Ti5O12 phase, in the other regions. (Note that the total components of C1 + C2 are fixed at 1.0 in 
this analysis). This indicates the presence of both the Li7Ti5O12 and Li4Ti5O12 primary particles 
within the secondary particle. Of course, it seems that the spectra from the middle part of the 
secondary particle are due to the overlap of the spectra of the two phases. 
We can also make elemental composition mapping of Li / Ti by the intensity of the Li-K 
edge peak in each spectrum of the two dimensional grid as shown in Fig. 4.2-3(b). The intensity 
was obtained by the integration of the Li-K edge region (from 60 eV to 63 eV) after the linear 
background correction. Approximate value x of LixTi5O12 in each grid points was calculated by 
normalizing of Li-K peak intensity with Ti-M peaks intensity which was extracted with 42 eV to 60 
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eV energy range after linear background correction. In Fig. 4.2-3(b), we can see the domains that is 
remarkably high intensity of the Li-K edge peak which with around x = 7 (Li7Ti5O12) indicated as 
warm colors, and the domains with relatively low intensity as almost x = 4 (Li4Ti5O12) indicated as 
green colors can be also seen. The distribution of the domains with different Li volume densities in 
Fig. 4.2-3(b) is clearly correlated to the distribution of the domains with different Ti oxidation states 
in Fig. 4.2-3(a). Thus it can be said that the two kinds of domains correspond to the Li7Ti5O12 and 
Li4Ti5O12, respectively. Fig. 4.2-3(c) shows the histograms of the distribution value of x extracted 
from the area of blue square of Fig. 4.2-3(b). Clear two peaks in the histogram can be seen, meaning 
the domains were separated clearly between the two-phase interfaces. The x of these two peaks are 
well corresponding into Li4Ti5 and Li7Ti5 respectively, it suggested that the separated region could 
regard as two-phase.  
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Fig. 4.2-3 (a) STEM-EELS spectrum image from the data of the Ti-L edge region, representing the 
distribution of the spectrum components of Sp. 1 and Sp. 2 in Fig. 4.2-2(b), obtained via the MLLS 
fitting. (b) Li composition mapping reconstructed from the Li-K edge spectrum image. The color 
bar shows the linear scale of x in LixTi5O12 composition. Note that the map has higher x value of x = 
7, by numerical errors due to the normalization processing. (c) Histograms of values of x extracted 
from blue square region in (b). Clear two peaks mean the existence of Li4Ti5O12 and Li7Ti5O12 
phases around the interface of secondary particle. 
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From these results, we can conclude that the secondary particle at the half-charged state 
contains both the Li7Ti5O12 and Li4Ti5O12 primary particles. This kind of separate two-phase 
morphology supports the particle-by-particle reaction mechanism shown in Fig. 4.2-1(b). The 
present results indicate that the particle-by-particle reaction really occurs in secondary particles 
during usual electrochemical Li-insertion reaction, where the rate determining process within the 
secondary particle exists not inside a primary particle but at the boundary between primary 
particles.  
The reaction distribution in the secondary particle should be regulated by several factors, 
and both the electron conduction and Li-ion diffusion should be important. For the electron 
conduction, particle boundaries should be important due to their low conductivity as contact 
resistance between primary particles. For the Li-ion diffusion process, the progress of the Li-
insertion should be more rapid inside each particle than across the boundary, and there seems to be 
no preferential diffusion along the boundaries between primary particles. Experimentally, the Li-ion 
transfer at the Li4Ti5O12 / electrolyte interfaces seems to dominate the total reaction rate of the 
battery cell as the large activation barrier for the desolvation of lithium-ions (Yamada et al., 2003, 
502; Abe et al., 2004, A1120; Doi et al., 2005, 1696). However, the details of the reaction process 
inside the electrode are also of great importance so as to attain the stable and high rate performance 
of the battery electrode. The present analysis has clarified the importance of the progress of the 
electrochemical reaction across the boundary between primary particles, and the present knowledge 
should be useful for the powder design of actual materials. At present, we cannot completely decide 
the key factor that dominate the reaction diffusion across the particle boundaries. However, here we 
suggest that the surface or boundary modification of primary particles might be effective than the 
bulk modification.  
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The particle-by-particle reaction mechanism means that the reaction resistance at 
boundaries is higher than that in the each primary particle. However, it is also important to 
understand the detailed process of the Li-insertion reaction at the primary particle (single crystalline 
Li4Ti5O12), where we have to reveal the structure and stability of the two-phase boundaries, the 
growth and extension of the Li-inserted phase, and the Li diffusion. In this experiments, we could 
not achieve the investigation of these two-phase behavior in each single crystalline primary particle 
of actual secondary particle. Many particle boundaries and each particles overlapping to electron 
beam direction with random orientation prevented fundamental STEM-EELS study of Li4Ti5O12 
crystal itself. Of course, we should reveal two-phase behavior in single crystalline levels with using 
model Li4Ti5O12 sample suitable for well investigation. 
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4.2.4 Conclusions 
STEM-EELS spectrum imaging was applied to investigate the two-phase distribution in 
actual form of Li4Ti5O12 secondary particle for discussing its electrochemical reaction mechanism.  
 
1. An actual form of Li4Ti5O12 material, secondary particle which is consist of single 
crystalline Li4Ti5O12 primary particles, and has mainly two reaction propagation models. Particle-by 
-particle mechanism leads to clearly separated two-phase distribution morphology of secondary 
particle. Uniformly particle reaction leads to well-blended two-phase mixture form in secondary 
particle. 
2. STEM-EELS spectrum imaging was performed in 50% Li-inserted secondary particle, 
confirmed the real picture of Li7Ti5O12 / Li4Ti5O12 coexisting. Two-phase existed in secondary particle 
with clearly separated morphology, sustained the particle-by-particle reaction model. The reaction 
mechanism would be explained by the slower reaction distribution at the interface of primarily 
particles than the bulk region of each primarily particles. The interface modification of the primarily 
particles would be more effective than the bulk modification, in respect to improving the rate 
properties of actual material. 
 
We have revealed two-phase distribution morphology in the secondary particle level. 
However, because the primary particle existed small with random orientation in actual material, we 
could not achieve the investigation of two-phase behavior in single crystal particle.  
The two-phase investigation with well-defined large single crystal will provide the 
meaningful picture which can discuss a basic two-phase mechanism of Li4Ti5O12 itself 
crystallographically. 
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4.3 Study of the Li4Ti5O12 / Li7Ti5O12 interface; discussion of the two-
phase behavior in the single crystal 
 
4.3.1 Introduction 
Previously, we investigated the two-phase distribution in a commercial Li4Ti5O12 
secondary particle (consisting of single crystalline primary particles) by STEM-EELS. We observed 
the presence of both considerably or fully Li-inserted primary particles and pristine or slightly Li-
inserted primary particles in a half-charged secondary particle. This result suggests that the Li-
insertion extends from a primary particle to a neighboring primary particle in a secondary particle, 
and the rate-determining process for the Li-insertion reaction occurs at the boundaries between 
primary particles. 
Meanwhile, as explained in section 1.3 (§1.3.1.4), characterization of the two-phase 
behavior in the single-crystalline primary particle is quite important to understand the 
electrochemical properties of electrode material itself, and it is responsible for a stable charge-
discharge potential and high-rate charge-discharge performance. Indeed in the LiFePO4 positive 
electrode material, direct analysis of two-phases, namely FePO4 / LiFePO4, coexistence has been 
performed by microscopic characterization in the single primary particle (Chueh et al., 2013, 866; 
Laffont et al., 2006, 5520), and morphology of two-phase boundary was discussed based on its 
crystal structure (Brunetti et al., 2011, 4515; Chen et al., 2006, A295). However, in the Li4Ti5O12, 
two-phase behavior in each primary particle (single crystal) itself is yet unclear, and the question of 
whether the two phases exist separately or hybridized as a solid-solution, Li4+xTi5O12 (0 < x < 3), 
still remains unclear, which could only be answered by the morphological study of the two-phase 
interface in the single crystalline Li4Ti5O12 (as shown in Fig. 4.3-1). Finding the two-phase by 
simple electron diffractometry is difficult due to the negligible lattice volume changing between 
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Li7Ti5O12 and Li4Ti5O12 phases. Therefore, while the FePO4 / LiFePO4 phase interface would be 
easily imaged by TEM observation, Li4Ti5O12 / Li7Ti5O12 interface could be only imaged by the 
STEM-EELS method. 
 
 
 
Fig. 4.3-1 Typical two simple models of two-phase behavior in the single crystal. Solid-solution is 
suggested by the some spectroscopy experiments (Wagemaker et al., 2006, 3169; 2009, 224; Ronci 
et al., 2002, 3082), while two-phase separation has been suggested by electrochemical experiments. 
 
 
Generally, it is hard to investigate the two-phase morphology of the single particle with 
actual secondary particle by STEM-EELS methods. Many aggregated particles overlapping in 
random crystal orientation prevent the fine study and its discussion of two-phase feature. Therefore, 
in this section, we performed STEM-EELS investigation in the prepared Li4Ti5O12 model specimen 
to reveal the two-phase behavior in single crystal, and discuss the formation feature of two-phase 
interface from the basis of crystal structure of Li4Ti5O12. A large scale single-crystalline model 
Li4Ti5O12 specimen with well-defined orientation allows us to investigate the morphology of two-
phase interface crystallographically and discuss the formation mechanism of it. These study would 
provide the knowledge of charge-discharge crystal mechanism of Li4Ti5O12 which has never been 
before. 
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4.3.2 Experimental 
We prepare a single-crystalline sample for TEM observations from a rutile TiO2 wafer by 
the procedure described in section (§2.1). A commercial TiO2 wafer (SHINKOSHA) is polished as a 
thin sample by using an Ar+ ion polishing system (PIPS, GATAN). The polished TiO2 wafer is then 
calcined with LiOH·H2O in air at 1127 K for 18 h in a 99% alumina crucible. In the calcination 
process, thin edges of the polished TiO2 wafer react with the vaporized Li source and are 
transformed into Li4Ti5O12 single crystals. In other words, Li vapor induces single-crystalline 
Li4Ti5O12 growth at the edges, and thus, we name this method as Li-vapor induction growth (Li-
VIG). In this process, the orientation of crystal growth is controlled by the TiO2 wafer orientation as 
shown in (§2.1), in this study too we confirm the preferential (111)-oriented growth of Li4Ti5O12 
prepared from the TiO2(111) wafer, owing to their similarity in the in-plane atomic periodicity. We 
also observe (100) and (110) oriented preferential growth in TiO2(110) and (001) wafers, 
respectively. The crystallinity of the prepared Li4Ti5O12 sample is examined by electron diffraction 
and TEM analysis. The TEM apparatus (JEM-3000F, JEOL) is used at 200 kV in the bright field 
(BF)-TEM mode. The data are recorded by GIF (GATAN) 
To prepare the two-phase coexistence state, we perform partial Li-metal deposition on 
single-crystalline Li4Ti5O12 by using the vacuum vapor deposition process as shown in (Fig. 4.3-2) 
A commercial evaporation source (lithium metal dispenser, SAES Getters) is electrically heated 
under 8.0 ~ 10.0 A with 3.0 V in vacuum-coating equipment (JEE-420, JEOL). After Li-metal 
deposition, the thin edge is turned black, indicating the partial occurrence of the following redox 
reaction: 
3Li + Li4Ti5O12 → Li7Ti5O12                 
Because the deposited Li metal acts as a reducing agent owing to its low redox potential, the portion 
of the Li4Ti5O12 crystal in contact with Li metal should be transformed to a Li7Ti5O12 phase. The 
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deposited sample is then placed in a dry-air-filled box for 5 days to complete the reaction and two-
phase relaxation (Wagemaker et al., 2006, 3169; 2009, 224). 
The two-phase coexistence state is examined via STEM-EELS by using analytical TEM 
(TITAN3TM G2 60-300, FEI) in the 200 kV STEM mode with a Wien-filtered monochromator. The 
two phases, namely, Li4Ti5O12 and Li7Ti5O12, can be identified by the features of Ti-L3, 2 edge and O-
K edge spectra in the energy-loss near-edge structure (ELNES), as examined in (§4.1). The EELS 
data recording is simultaneously performed in Ti-L3, 2 edge and O-K edge regions at 0.05 eV / channel 
dispersion and with a 0.25 eV of FWHM energy resolution for the zero-loss peak. Spectrum imaging 
(SI) data are acquired in 50 nm pixel steps with a 50 × 50 pixel resolution at a read out time of 0.05 
s. The acquired SI image is reconstructed with a different phase mapping via the multiple linear-least 
square (MLLS) fitting using the shape of the Ti-L2 edge. 
 
 
 
 
Fig. 4.3-2 Li-insertion procedure with vacuum process. Electrolyte-free reaction allows preparing 
the clean sample without surface contamination. Li-insertion reaction and two-phase relaxation 
should be completed by standing in moisture-free condition for 5 days. Li4Ti5O12 thin edge region 
which was contacted with deposited Li-metal should be transformed into Li7Ti5O12 (as shown in 
blue) region. 
Li-metal evaporation source heated 
with 3.0 V, 8.0 ~ 10.0 A, in ~10-4 Pa
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Li4Ti5O12 edge
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4.3.3 Results and discussion 
Figs. 4.3-3 (a)-(c) show the low-magnification BF-TEM images of the Li4Ti5O12 samples 
prepared from TiO2(110), (001), and (111) wafers. All the samples appear to be single crystals at least 
in the observed area, and reveal typical shaped edges as typical facets of each crystal-growth 
orientation, reflecting stable surfaces during the crystal growth. There are no contaminations, cracks, 
or deficiency contrast at least in a ~ 5×5 μm2 area in Figs. 4.3-3(a)-(c). Figs. 4.3-3(d)-(f) show the 
electron diffraction patterns acquired from the area shown in Figs. 4.3-3(a)-(c). All the diffraction 
spots in Figs. 4.3-3(d)-(f) show the spinel feature, but do not show other extra spots. These results 
indicate that the three samples are Li4Ti5O12 single crystals without any residual TiO2 phases or other 
contamination phases such as β-Li2TiO3, at least in a ~ 5×5 μm2 area. Further, the diffraction patterns 
indicate that the samples prepared from TiO2(110), (001), and (111) wafers have [100], [110], and 
[111] orientations along the incident direction, respectively, as shown in Figs. 2.1-7(c). 
 
 
 
Fig. 4.3-3 HR-TEM micrograph of spinel Li4Ti5O12 samples prepared from (a) rutile TiO2(110), (b) 
(001), and (c) (111) wafers. (d)–(f) Electron diffraction patterns acquired from areas of (a)–(c). 
(a) (b) (c)
(d) (e) (f)
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The two-phase coexistence in a single crystalline sample after the Li-metal deposition is 
investigated by ADF-STEM and STEM-EELS, as shown in Figs. 4.3-4. The typical crystal facets of 
a Li4Ti5O12(110) specimen are indexed in the low-magnification ADF-STEM image of Fig. 4.3-4(a), 
where (001) and (111) edges can be assigned to regular facet angles. From the ADF-STEM image, 
we cannot find any distinction or boundaries between the two phases, i.e., Li4Ti5O12 and Li7Ti5O12, 
and the whole sample appears to be a single crystal. The STEM-EELS spectrum image in Fig. 4.3-
4(b), however, clearly shows the distribution of the two phases, i.e., Li4Ti5O12 and Li7Ti5O12. The 
spectrum image data, acquired from the yellow square area in Fig. 4.3-4(a), are reconstructed for the 
difference between the Ti-L2 edge feature of the two phases via MLLS fitting. The Ti-L and O-K edge 
ELNES spectra extracted from points 1 and 2 in Fig. 4.3-4(a) are shown in Fig. 4.3-4(c). Both the Ti-
L and O-K edge features of these two spectra are clearly different from each other. The spectrum 
extracted from point 1 (Sp. 1) has four main peaks in the Ti-L edge region, representing eg－t2g 
splitting of each L2 and L3 peak as Ti
4+ in Li4Ti5O12. On the other hand, two broad peaks are observed 
in the spectrum from point 2 (Sp. 2), similar to the case of bulk Li7Ti5O12. The spectra in the O-K 
edge region of Sp. 1 and Sp. 2 also reveal the features of Li4Ti5O12 and Li7Ti5O12, respectively. From 
these results, we can ascertain that the green region (including Sp. 1) and red region (including Sp. 
2) correspond to Li4Ti5O12 and Li7Ti5O12, respectively. 
The distribution morphology of these two phase regions in the crystal sample appears to 
depend on the crystal orientation. The crystal orientation in Fig. 4.3-4(b) can be defined from the 
facet assignment in Fig. 4.3-4(a). The two-phase interface appears to exist parallel to the (001) crystal 
plane and along the <110> direction in Fig. 4.3-4(b). 
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Fig. 4.3-4 (a) ADF-STEM image of a partially Li-inserted single-crystalline Li4Ti5O12(110) sample. 
(b) STEM-EELS spectrum image, acquired from the yellow square region in (a). The image was 
reconstructed by the MLLS fitting of the Ti-L3,2 ELNES feature shown in (c). Spectra extracted 
from points 1 and 2 in (a) are shown in (c). 
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As explained in section 1.3 (§1.3.1), the Li7Ti5O12 phase is formed by Li-insertion at the 16c 
sites and simultaneous shifts of pre-existing Li at the 8a sites to the 16c sites, with the Ti(Li)-O 
bonding framework remaining common between the 16d and 32e sites. Thus, the two-phase interface 
is naturally formed via Li diffusion, and the morphology of their interface can be explained by the 
diffusion ability of Li ions in the crystal. The Li-ion diffusion in the <001> direction appears to be 
inferior to that in the <110> direction, owing to the non-existence of a tetrahedral 8a site channel 
pathway to facilitate Li-ion transfer (Wagemaker et al., 2009, 224; Chen et al., 2011, 6084; Wilkening 
et al., 2007, 1239; Verhoeven et al., 2001, 4314; Anicete-Santos et al., 2008, 085112; Leonidov et al., 
2003, 2079) in <001> direction (as shown in Fig. 4.3-5). Thus, the growth of the Li7Ti5O12 phase is 
suppressed in the <001> direction in contrast to the <110> and equivalent directions normal to the 
<001> axis, resulting in the interface being parallel to the <110> direction. Further, we discussed the 
formation of (001) interface by computational simulation and confirmed well-stable feature of it 
(Tanaka et al., 2014, 4032). 
 
 
 
 
Fig. 4.3-5 Crystal structure of Li4Ti5O12 as viewed from <100> and <011> directions. 
 
<001> <110>
O
Ti, Li
209 
 
The inset of Fig. 4.3-4(b) (the enlarged image of square area) shows mixtures of the ELNES 
features of the two phases near their interface. This region can be interpreted at least as follow, first 
is a solid solution or some atomistic mixture (Li4+xTi5O12), and the second is a simple overlap of 
clearly separated two phases along the electron-beam direction. In order to examine these two 
possibilities, we apply the detail MLLS analysis to the spectra extracted near the interface, as shown 
in Fig. 4.3-6.  
 
 
 
Fig. 4.3-6 Ti-L and O-K spectra extracted from points 1 to 10 (along the phase interface) in the inset 
figure. 
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All the extracted spectra are normalized by the maximum intensity of the Ti-L edge peaks, 
and are displayed in the order of the arrow in the inset. The spectra of the end members, i.e., Li4Ti5O12 
and Li7Ti5O12, are shown as No. 1 and No. 10, respectively. These two spectra show remarkable 
differences in the Ti-L edge and O-K edge, similar to the spectra shown in Fig. 4.3-4(c), while the 
spectra of Nos. 2-9 show mixed features of these two spectra. We examine whether each spectrum of 
Nos. 2-9 can be expressed by a simple linear combination of No. 1 and No. 10 spectra by using a trial 
function F(E) as follows: 
F(ε) = a f1(E) + (1－a) f10(ε) 
where f1(ε) and f10(ε) denote the spectra of No. 1 and No. 10, respectively, as the basis functions in this 
analysis, and a denotes the coefficient of linear combination. The coefficient a is determined so as to 
minimize the residual sum of squares (RSS)  
 
i
n ii
fFRSS 2)()( )(   
Fig. 4.3-7 shows fitting for the spectrum of Nos. 2-9, where we use the Ti-L energy region (455-475 
eV) and O-K edge region (530-550 eV). In Fig. 4.3-7, the agreement between the fitted function Fn(ε) 
and the object function fn(ε) is satisfactory, indicating that the spectrum of Nos. 2-9 can be expressed 
only by f1(ε) and f10(ε). The RSS value for each spectrum ware described at the side of spectra. They 
are less than 0.16, and thus, it can be said that all the spectra from No. 2 to No. 9 can be reproduced 
linearly by the two components of No. 1 and No. 10. Note that the presence of a substantial ratio of 
solid-solution-like regions should lead to spectrum components that cannot be simply expressed by 
linear mixing (Tanaka et al., 2014, 4032) Therefore, we conclude that the region of the ELNES spectra 
with mixed features in Fig. 4.3-4(b) indicates a simple overlap of two separate phases along the 
electron beam direction, and we can say that we confirmed two-phase separation in this sample with 
abrupt phase boundaries identified at least in the grid scale (50 nm steps in Fig. 4.3-4(b)). 
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Fig. 4.3-7 Fitting results for all the extracted spectra from the Ti-L (455-475 eV) and O-K (530-550 
eV) region. The RSS values (×103) are also denoted beside each spectra. Black solid lines show 
linear combination spectra F(ε). The fitting coefficient a (%) is also denoted at the table below of the 
spectra. 
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The present analysis suggests that Li7Ti5O12 is formed in a Li4Ti5O12 single crystal, with 
the basic spinel framework remaining intact, and that the two phases exist separately with apparent 
phase interfaces. Moreover, the present observations indicate no apparent strains, misorientations, 
or defects at such phase interfaces. The present results are consistent with the two-phase 
coexistence model, as per electrochemical considerations (Scharner et al., 1999, 857; Ohzuku et al., 
1995, 1431). The stability of two-phase separation in the single crystal significantly contribute to 
the electrochemical charge-discharge stability of Li4Ti5O12 itself. The phase separation, namely 
complete existence of only the Li7Ti5O12 and Li4Ti5O12 two-phase should retain the flat chemical 
potential in any Li-inserted stage with the single particle level, leading the stable charge-discharge 
history without memory effect (Sasaki et al., 2013, 569), which is contrasting with LiFePO4 well-
known as two-phase material as mentioned in the section 1.3 (§1.3.1.4).  
The structure of a two-phase distribution morphology may depend on the reaction process 
or particle size. As the two-phase morphology of electrode particles during the actual charge-
discharge processes, various models such as the core-shell structure (Takami et al., 2009, A128; 
2011, A725; Ma et al., 2007, 849; Lu et al., 2007, A114) and island structure (Li et al., 2012, 9086) 
have been proposed. Our previous STEM-EELS observation of secondary particles indicated that 
the transport across the interface between primary particles is the rate-determining process. With 
regard to the two-phase behavior inside each primary particle, our present results suggest that the 
two-phase interface propagates with the reaction front inside the particle, which is indeed consistent 
with the above-mentioned models for actual electrode particles.  
Meanwhile, the present results are contrasting with the solid-solution model which have 
been previously reported. From XRD results, Wagemeker and co-workers proposed that the 
separated two-phase state is stable only under 80 K, and that at room temperature, it becomes a 
uniform solid-solution phase (Li4+xTi5O12) as an equilibrium state (Wagemaker et al., 2006, 3169). 
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Later, on the basis of NMR results, they proposed that the solid solution should consist of nanosized 
domains with the 8a site of Li (Li4Ti5O12) and 16c site of Li (Li7Ti5O12) structures (Wagemaker et 
al., 2009, 224). Note that this solid-solution behavior is one of the interpretation suggested by these 
diffraction or spectroscopic results, and cannot be presented by direct evidence as real 
microstructures. Only real-space observations can provide direct evidence of real microstructures.  
 If the stable phase separation would be existing in the single crystal, where the two-phase 
interface should be formed with its crystallographic feature. As mentioned above, we suggested 
Li4Ti5O12 / Li7Ti5O12 interface is easy to form at {001} plane of single crystal, this should provide 
the characteristic morphology of phase interface as shown in Fig. 4.3-8, and they should be formed 
with typical right-angle facet, when viewed from {001} projection.  
 
 
 
 
 
Fig. 4.3-8 (a) A model of the typical shape of a spinel Li4Ti5O12 crystal (Teshima et al., 2011, 4401). 
Li4Ti5O12 spinel crystal has octahedral shape as its stable form. (b) Plan view of the crystal as 
viewed from <001> projection. The grown phase of Li7Ti5O12 is presented in blue color. The phase 
interface should be formed with {001} plane based on its crystal feature, generating the right-angle 
shape of two-phase interface. 
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Fig. 4.3-9(a) shows the ADF-STEM image of the Li-inserted <001> sample. There typical 
rectangle voids can be seen, it represented the <001> single crystal specimen. The crystallographic 
orientation of typical shaped facets indexed as in Fig. 4.3-9(a). The distribution of the phases in the 
square area in Fig. 4.3-9(a) was obtained by the STEM-EELS spectrum imaging as shown in Fig. 
4.3-9(b), which is reconstructed by the MLLS fitting of Ti-L2 edge. The Li4Ti5O12 phase domain 
exists separately in the Li7Ti5O12 phase with the (010) and (100) boundaries as shown in Fig. 4.3-
9(b), with right-angle facet, and extracted spectra, Fig. 4.3-9(c), certainly showed a feature of 
Li4Ti5O12 (sp.1) and Li7Ti5O12 (sp.2), respectively. Further, the MLLS component of Li7Ti5O12 
drastically changes across the boundary. Along the A-B line in (b), it changes from almost 0 % to 
100 % within about 30 nm width as shown in Fig. 4.3-9(d). It seems that a sharp abrupt Li4Ti5O12 / 
Li7Ti5O12 boundary is preferentially formed on the {001} plane as the model in Fig. 4.3-8(b).  
In these experiment, we revealed the Li7Ti5O12 / Li4Ti5O12 interface morphology as typical 
{001} crystal plane, suggesting that it would be caused by the less Li-ion diffusion in <001> 
direction than <110>. The phase components abruptly changed along the interface, meaning the 
interface form sharply and two-phase were clearly separate in the single crystal domain. However, 
two-phase behavior in the nano-scale region still remain unclear, and stability of two-phase 
interface should discuss both thermodynamically and statically. We suggested the (001) crystal 
plane is one of the stable interface, and it was also confirmed by first-principle calculation (Tanaka 
et al., 2014, 4032). However, other crystal plane such as (111)-interface would be also important as 
a potential candidate for existing in real crystal. Of course, we could not completely answer these 
matters and they should be studied by both experiments and computational methods in the future. 
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Fig. 4.3-9 (a) ADF-STEM image of the Li-inserted (001) specimen. (b) Two-phase distribution by 
the STEM-EELS spectrum imaging, reconstructed by the MLLS procedure. The spectrum image 
was acquired by 16 nm step with 25×25 pixel resolution. (c) Ti-L and O-K edge EEL spectra 
extracted from point 1 and 2 in (b). (d) Intensity profile of the Li7Ti5O12 MLLS component along 
the A-B line in (b). 
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4.3.4 Conclusions 
To study the two-phase behavior in the single crystal, we performed STEM-EELS 
spectrum imaging analysis into the Li4Ti5O12 thin single-crystal model specimen, and revealed the 
phase separation feature which has never been reported in the single crystal by confirming the clear 
phase interface formation. 
1. Model specimen suitable for TEM study was prepared by the Li-VIG method as 
described in section 2.1 (§2.1.1), contributed to the detail study of Li4Ti5O12 / Li7Ti5O12 two-phase 
interface based on the direct imaging. 
2. Two phases were separately existing in the single crystal even under the enough 
relaxation static condition, meaning the manner of complete coexistence of Li4Ti5O12 and 
Li7Ti5O12 phases is rather stable than their hybridizing with solid-solution. The electrochemical 
stability of charge-discharge profile confirmed at various Li-insertion stage should be closely 
concerned with its phase separation feature.  
3. Two-phase interface structure with stable phase separation should be controlled by the 
Li-diffusion rate which will be related with the crystal orientation. The phase interface would prefer 
to form with {001} crystal plane by the crystallographic feature of spinel structure, which can be 
explained by the preferential Li diffusion in the <110> and equivalent directions normal to the 
<001> axis.  
Here, two-phase behavior in the single crystal were discussed at sub-micron scale, 
however, their nano-scale feature could have not yet been characterized. Existence of solid-solution 
phase of Li4+xTi5O12 at nano or atomistic scale cannot be denied so far. Furthermore, atomic scale 
stability of two-phase interface with various crystal plane is yet unclear. All these matter should be 
discussed by other study such as computational methods in the future. 
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Chapter 5. 
 
General conclusions 
 
 
 
 
 
 
 
 
 
 
221 
 
 In this theses, we focused on the surface and interface study of Li-TMs, electrode materials 
of lithium-ion battery. The study was developed by the preparation of well-defined model sample and 
its application. The summaries of each chapter are as follows. 
 
Chapter 2 
described the sample preparation technique suitable for the surface and interface study.  
 
● §2.1 showed Li-vapor induction methods (Li-VIG) as a preparation technique of single crystalline 
Li-TMs and showed a preparation of the Li4Ti5O12 thin specimen with atomically flat edges suitable 
for TEM study. 
 
 
 
 
 
 
 
● §2.2 and §2.3 showed a preparation of the Li4Ti5O12 and LiMn2O4 wafer sample with well-defined 
surface for SPM study. Atomically flat (111) surface of clear step and terrace structures could 
successfully prepare. 
 
Li4Ti5O12(111) LiMn2O4(111)
Li4Ti5O12TiO2
Li source
1073 K, in air
Li source
1173 K, in air
Metal oxide Li-TMs film
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Chapter 3 
described the surface study of prepared Li4Ti5O12 sample. 
 
● §3.1 investigated the reaction of (111) surface by AFM and TEM under the battery behavior. The 
step and terrace structure of well-defined surface alter at initial process of first Li-insertion with 
decreasing the cell internal resistance, bringing the characteristic fluctuation of cell voltage profile. 
Li2TiO3 of cubic rock salt structure generated on the Li4Ti5O12 surface via first Li-insertion / 
extraction cycle will play an important role of charge-discharge reaction as SEI of Li4Ti5O12 electrode. 
 
 
 
 
 
 
● §3.2 investigated the atomic scale structure of (111) surface by STM and MEIS. Clear hexagonal 
bright spots with 0.6 nm distance and steps with different heights are observed by STM in (111) 
surface at UHV condition, suggesting the two-type of Li-terminated structure as Li-O and Li-Ti. The 
Li-O structure corresponded with MEIS analysis, elucidated as the surface structure of Li4Ti5O12. 
Present results should give a proper surface model to theoretical calculation, and will develop the 
investigation of surface mechanism with atomic scale such as molecular absorption under the air or 
battery condition.  
    
 
 
O Ti
1 st cycle
Li4Ti5O12
Li2TiO3
As-prepared
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Chapter 4 
described the two-phase characterization of Li-inserted Li4Ti5O12 with actual material and single 
crystalline model specimen by STEM-EELS. 
 
● §4.1 performed EELS characterization of Li-inserted Li4Ti5O12 particle at Li-K, Ti-L and O-K edge 
and defined their ELNES feature of Li7Ti5O12 phase. 
 
● §4.2 investigated the reaction mechanism of Li4Ti5O12 actual material by characterization of two-
phase (Li4Ti5O12 and Li7Ti5O12) in Li-inserted secondary particle. The clearly separated two phase 
distribution morphology supported particle-by-particle mechanism of reaction, suggesting the 
resistance of particle boundary rather control the Li-insertion reaction than bulk resistance.  
 
 
 
 
 
● §4.3 reveals the two-phase coexistence of Li-inserted single crystalline Li4Ti5O12 specimen at room 
temperature with static condition. Li4Ti5O12 / Li7Ti5O12 boundary will form vertically to <001> crystal 
direction, by preferential Li diffusion at <110> direction due to the existence of diffusion pathway. 
The stability of {001} two-phase interface should discuss by the theoretical calculation in the near 
future.  
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The preparation of well-defined sample was a key of this thesis, and it allowed us to achieve 
fine study of surface and interface of electrode materials which could have never performed.  
The well-defined model sample with atomically flat surface enabled us to study its surface 
clearly, and fine analysis of Li4Ti5O12 model sample provided us the knowledge of surface structure 
with atomic scale which have never been reported. The atomistic structure of Li4Ti5O12 surface 
significantly contribute to discuss the interaction of various molecules and surface, and it would 
reveal the mechanism of charge-discharge reaction and other reaction of the battery within the 
nanoscale. 
Single-crystalline model Li4Ti5O12 specimen for TEM observation successfully prepared, 
and two-phase behavior in the single-crystal was revealed at real space for the first time. This 
knowledge would greatly contribute to discuss the electrochemical properties of Li4Ti5O12 itself from 
the view point of crystallography. 
  Here, we mainly tackled surface and interface study of Li4Ti5O12 which is an anode materials 
of lithium-ion battery. Of course, there many materials have been developed, and should also tackle 
to positive electrode materials such as LiMn2O4, LiCoO2 or other oxides. The surface and interface 
science of these materials will be progressed by the analysis of well-defined model sample in the 
future. 
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